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GENERAL INTRODUCTION 
Molecular electronic-vibrational (vibronic) transitions in the solid state are 
spectrally broadened by a variety of mechanisms which can be classified as 
homogeneous or inhomogeneous. Homogeneous broadening is the broadening that 
is common to all chemically identical molecules of the ensemble under 
spectroscopic investigation. Inhomogeneous broadening in the condensed phase is 
due to the fact that the environments of chemically identical molecules are not the 
same. Since the transition frequency is very sensitive to intermolecular 
interactions, the existence of non-identical environment leads, in a natural way, to 
a distribution of transition frequencies. This distribution provides a site 
inhomogeneous contribution, Fj, to the transition bandwidth. In what follows the 
homogeneous contribution to the bandwidth will be denoted by y. The so-called 
natural or lifetime broadening of a single vibronic transition is a well known 
example of homogeneous broadening. For the case when the transition terminates 
at the vibrationless (zero-point) level of the ground electronic state, y from the 
natural broadening is related to the lifetime of the excited state, Tj, by y=(2nTj)'^. 
More generally, y is given by (1,2) 
yjt = l/Tg =l/2Ti + 1/tJ, (1) 
where Tg is the total dephasing time and Tg is the pure dephasing time. The 
spectral lineshape is a Lorentzian (3). To obtain the linewidth in units of cm"^, y 
from Eq. 1 should be divided by the speed of light (c) in units of cm/sec. 
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Pure dephasing is best understood in terms of the density matrix formulation 
of spectroscopic transitions (4-7). For the purpose of this discussion it sufiices it to 
say that Tg is due to the modulation of the single site transition frequency that 
stems from the interaction of the excited state with the bath phonons and other 
low frequency excitations. This interaction leads to a decay of the phase coherence 
of the superposition state initially created by the photons, a decay that occurs 
without electronic relaxation. The pure dephasing time Tg is the time associated 
with phase memory loss of the superposition state created by the light field. It is 
strongly temperature dependent: at room temperature (jiTgc)"^ = kT » 200 cm"^ 
while at 4 K the linewidth is reduced to ^0.1 cm~^ in glasses and crystals (8-10). 
For a recent theoretical discussion of the relationship between Tg and T^ the 
reader is referred to Refs. 11 and 12. 
Figure 1 presents a schematic of an inhomogeneously broadened vibronic 
origin band, which is a superposition of a very large number of homogeneously 
broadened single site absorption profiles most often referred to as zero-phonon 
lines (ZPLs), at low temperatures. In what follows the distribution of ZPLs will be 
referred to as the site distribution fonction (SDF). The SDF is determined by the 
distribution functions for the ground and excited state site energies, and if these 
functions were identical and perfectly correlated, Fj would be zero. This situation 
never occurs. Furthermore, it has been shown that transition frequencies of 
different sites can be accidentially degenerate. For amorphous hosts Fj-100-500 
cm'^. The magnitude of Fj for crystals is about 2 orders of magnitude smaller than 
this. 
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CO (0,0) 
PSB 
CO 
Figure 1. Schematic representation of homogeneous (y) and inhomogeneous 
(Fj) broadened absorption profoile. ZPL is accompanied by the 
broad PSB 
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The broad wings that build to higher energy on the ZPL in Fig. 1 are the 
phonon sidebands (PSBs), which are a manifestation of the change in the 
equilibrium lattice geometry that occurs upon electronic excitation. The phonons 
of organic crystals and glasses provide a continuous distribution of fundamental 
excitations between 0 and -150 cm*^. The impurity can introduce localized or 
pseudolocalized phonons (13) which can lead to relatively sharp features in the 
PSB, However, such structure is seldom observed for glass or polymer hosts. 
Rather, the coupling appears to be restricted to the spatially extended phonons. As 
illustrated in Fig. 1, the PSB resembles a one-phonon profile, i.e., transitions that 
are accompanied by the creation of 1 phonon. The PSB shape is governed by 
g((o)D(o>), where co is measured relative to the ZPL (13,14). Here, g(£o) is the 
phonon density of states and D((o) is the frequency dependent coupling function. 
To a very good approximation the probability of the r-phonon process is given by 
(13,15) 
Pj. = exp(-S) 8%! (2) 
at liquid helium temperatures. Here S is the Huang-Rhys factor, defined by S = £ 
(fi^co^/H) (AQ]Ç/2 (16,17) where and are the appropriate mass and frequency for 
the ith phonon mode and (AQ)j is the change in the normal mode coordinate which 
results from impurity excitation. From Eq. (2), it should be noted that ZPy=l and 
the Franck-Condon factor for the ZPL (r=0) is exp(-S). Therefore, the stronger the 
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electron-phonon coupling the lower the ZPL intensity. For example, the ZPL 
contribution to the total intensity is ~65% for 8=0.46 while -40% for 8=1.0. 
Figure 2 represents 0 K single site absorption profiles for 8=0.6,1.0, 2.0, 4.0 
and 8.0 which were calculated using the theory of 8ection I. This theory employs 
the mean phonon frequency approximation. The one-phonon profile is given a 
width of r. An analytical shape function for the r-phonon profile is obtained by 
folding the 1-phonon profile r times (15). Typical values of <0^ and F for organic 
amorphous hosts are ~30 cm'^. These results were used for the calculation of the 
profiles shown in Fig. 2. The distinction between weak and strong linear electron-
phonon coupling is usually defined by 8=1. For very large S the ZPL becomes 
highly Franck-Condon forbidden and unobservable. The charge-transfer states of 
organic donor-acceptor crystals are characterized by such strong coupling (18). A 
key point is that for sufficiently large coupling (8), the single site absorption profile 
is exceedingly broad, This broadening is homogeneous. Line narrowing 
spectroscopies, vide infra, cannot eliminate such broadening. 
In summary, the phape of the vibronic absorption band is determined 
primarily by the 8DF and the linear electron-phonon coupling. It is of 
fundamental importance to be able to characterize them both as well as y for the 
ZPL, particularly the part of y due to pure dephasing. 
That the magnitude and temperature dependence of the pure dephasing of 
impurity transition at very low temperatures in glasses is fundamentally different 
from that in crystals was discovered about 10 years ago (19-22). Prior to that it 
6 
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Figure 2. Single site absorption profiles calculated according to the theory of 
Paper I in Section I. The parameters used were r=(Djjj=30 cm"^ 
and From the left to right the values of S are 0.5,1.0, 2.0, 4.0 
and 8.0. For ease of inspection the 8=1 to 8=8 spectra are 
artificially shifted in steps of 150 cm"^ relative to the 8=0.5 
spectrum (from Ref. 15) 
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was known that the thermal properties of glasses at very low temperatures are 
also anomalous, both in magnoitude and temperature dependence. Table I 
summarizes the anomalous low temperature behavior of pure dephasing and other 
properties for glasses. In 1971, Zeller and Pohl (23) pointed out that thermal 
conductivity and heat capacity of several glasses (vitreous Si02, selenium, and 
germanium) behave remarkably different from that of crystalline materials 
between 70 mK and 1 K. They concluded that a new physical model was required 
for an understanding of the low temperature thermal properties of amorphous 
solids. Their results were in accord with the earlier studies (24) and stimulated a 
number of theoretical and experimental studies (25-30). Besides specific heat and 
thermal conductivity, the temperature dependence of dielectric and acoustic 
properties of impurities in amorphous solids were also different from those in 
crystalline solids. The experimental findings that (30-32) ultrasonic absorption 
can be saturated in glasses supported the two level system (TLS) tunneling model 
of Anderson et al. (25) and Phillips (26) because the observed ultrasonic saturation 
could be explained by considering the scattering of acoustic phonons from the 
additional low energy degrees of freedom in glasses provided by the TLS. 
In 1972, Anderson et al. (25) and, independently, Phillips (26) proposed that 
in any glass system there should be a certain number of atoms or groups of atoms 
which can occupy, with nearly equal probability, two equilibrium positions 
separated by an energy barrier, the so-called TLS. Figure 3 shows a potential 
energy curve for a TLS along some configurational coordinate. W is the tunneling 
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Table I. Comparison of glass and crystal properties 
PROPERTY CRYSTAL GLASS REL. MAGNITUDE® 
Specific heat ip3 cT + cT^ larger 
Thermal conductivity smaller 
Ultrasonic attenuation saturates larger 
Sound velocity T indep. hiT 10-100 
Dielectric constant T indep. hiT 10-100 
Optical linewidth T? T-T^ 10-100 
®Glass value relative to crystal value. 
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frequency, d is the well separation, V is the barrier height and A is the asymmetry 
parameter (energy difference of the two localized states (W=0)). The tunneling 
parameter A^(2mV)^^^ d/h where m is the tunneling mass. The tunnel splitting 
energy, E, is given by E^=A^+W^. At very low temperatures, the atoms or groups 
of atoms cannot be thermally activated over the barrier, but can tunnel through it. 
Because of the inherent disorder of amorphous solids, consideration of the TLS 
distribution function f(A,W) is necessary. Initially, a uniform distribution function 
(25,26) was proposed and later many phenomenological functions were proposed 
(33-38). Recently, Jankowiak and Small introduced (38-40) analytical forms for the 
TLS distribution function which were derived under two reasonable assumptions. 
They are that a Gaussian is the proper distribution function for X and A and that X 
and A are stochastically independent. The derived distribution functions for TLS 
were used to calculate the temperature power laws for the thermal conductivity 
and specific heat. Good agreement with experimental data was obtained (41). 
The anomalous dephasing of impurity transitions in glasses has been 
convincingly attributed to the coupling of TLS to the electronic transition. Several 
review articles exist (8,42,43). The most detailed treatment of such dephasing in 
terms of nonphenomenological TLS-distribution functions has been given by 
Jankowiak and Small (44). As mentioned earlier, the pure dephasing term T2 is 
strongly temperature dependent while T^ is not. At room temperature, the T2 
contribution to y is ~kT ~200 cm*^ which is comparable to Tj for glasses. The 
characteristics of the pure dephasing have been characterized by both two pulse 
10 
E 
Figure 3. TLS represented in a configuration-coordinate model by a double-
^yell potential. V, barrier height; A, asymmetry; and d, distance 
between two minima. The tunneling frequency between potential 
wells is given by W 
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photon echo spectroscopy (45-47) and line narrowing spectroscopy (48-97). For 
reviews of the former technique and other time domain coherent spectroscopies the 
reader is referred to Ref. (47). Examples of line narrowing spectroscopies which 
can eliminate or significantly reduce the contribution of Fj to the vibronic 
bandwidth are: fluorescence line narrowing (FLN) (48-52) and hole burning (53-
97). Since y cannot be eliminated, low temperatures are needed to minimize the 
contribution by the populated low frequency phonons responsible for y. 
The basic principles of FLN can be understood as follows: if an ordinary 
broad band lig^t source is used to excite (0,0) transition, all sites whose transition 
frequencies are different firom each other but within the bandwidth of the source 
will be excited with equal probability and then would result in a broad fluorescence 
spectrum. On the other hand if a narrow bandwidth («Fj) laser excitation is used, 
only a small subensemble of molecules (an isochromat) whose absorption 
frequencies overlap the laser profile will be excited and would fluoresce, resulting 
in a markedly narrowed fluorescence spectrum at low temperature. The 
fluorescence spectrum consists of an origin ZPL coincide with the laser firequency 
and many ZPLs corresponding to transitions to the vibrational sublevels of the 
ground electronic state at the lower energy side of the origin ZPL. Each ZPL is 
accompanied by a PSB to lower energy. For reviews of FLN, the reader is referred 
to Refs. SO and 52. 
The basis of hole burning is selective bleaching of the isochromat by laser 
irradiation. By irradiating a sample with a laser tuned into the iohomogeneously 
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broadened absorption spectrum, the selected isochromat in the excited state may 
undergo a phototransformation. The absorption associated with the selected 
isochromat will be depleted from the absorption spectrum of the sample if the 
photoproduct absorbs at a different frequency from the frequency absorption of the 
original sample. This creates a hole in the absorption band coincident with the 
laser frequency. 
Depending on lifetime of hole, hole burning can be classified as [1] transient 
hole burning due to a temporary depletion of ground state absorbers at oog or [2] 
persistent hole burning due to a permanent depletion which may or may not be 
reversible. Transient hole burning (53-55) is caused by a population transfer from 
the ground state to a metastable state (bottleneck state, e.g., a long-lived triplet 
state) which slows down the decay of molecules to the ground state. In this case 
the hole decays or fills rapidly, normally usee to sec, because of a return to the 
equilibrium populations. 
In contrast, persistent holes normally last hours or longer provided the 
sample is kept at low temperature. Depending on the photoreactivify of the guest 
molecule, persistent holes can be classified as being formed by photochemical hole 
burning (PHB) or nonphotochemical hole burning (NPHB). In photochemical hole 
burning (56-63), the isochromat excited by narrow bandwidth laser undergoes 
chemical modification of its structure resulting in a hole. Thus what is required for 
PHB is photoreactivity of the absorbing chromophore. Therefore PHB can be 
observed for both amorphous and crystalUne hosts. For example, dimethyl-s-
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tetrazine (DMST) (60) undergoes an irreversible two-photon photodissociation 
according to DMST 2 CHgCN + N2. In this case the fragments absorb in the 
UV range of the spectrum. Photochemical hole burning was first observed in 1974 
by Gorokhovskii et al. (62) for free base phthalocyanine in n-octane where the PHB 
is caused by an intramolecular hydrogen tautomerization. Other examples of PHB 
are intramolecular hydrogen tautomerization of porphyrin (56-68), photoionization 
and trapping of the ejected electron of color centers (59). PHB can be reversible 
(e.g., phototautomerization, (56-58) or irreversible (e.g., photofragmentation of s-
tetrazine (61)). For a review of PHB, the reader is referred to Ref. 63. 
Nonphotochemical hole burning, or photophysical hole burning (64-69), is 
characteristic of molecules in amorphous systems and does not require 
photoreactivity of the guest molecule. What is needed is a host with a "faulty 
memory" for its pre-excitation configuration near the absorber. When a 
photostable isochromat is excited by laser light at (Og, it may cause a change of the 
microscopic host configuration around the g^est (not of the guest molecule itself). 
Because the transition frequency of the guest is very sensitive to the environment, 
the molecule no longer absorbs light at cdq (resulting in hole production) rather the 
absorption is at a slightly different frequency (resulting in an antihole) after de-
excitation to the ground state. With few exceptions (67,68), NPHB has only been 
observed with glasses, polymers or proteins because the inherent structural 
disorder of these matrices provides a faulty memory. In crystalline benzoic acid 
matrices (67,68), host hydrogen bond rearrangement upon irradiation provides a 
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faulty memory. Nonphotochemical hole burning was first observed in 1974 by 
Kharlamov et al. (64) for perylene and for 9-aminoacridine in an ethanol glass. 
Normally absorption frequencies of the photoproduct of PHB are well separated 
from that of the original molecules, while the absorption of antihole (increase in 
absorption due to redistribution of absorber) of NPHB normally lies close to that of 
the original molecules. 
Before introducing the proposed NPHB mechanisms, hole profiles including 
vibronic and phononic holes will be discussed. As shown in Fig. 4-(a), an 
absorption spectrum consists of an origin (0-0) band emd corresponding vibronic 
bands (1q^,0) and (lp,0). When laser light is tuned into the electronic origin band, 
it excites an isochromat resulting in a zero-phonon hole (ZPH). However, the 
isochromat also contributes to the (1^,0) and (1^,0) vibronic absorption bands. 
Therefore, a ZPH coincident with the laser bum frequency, ©g, will be 
accompanied by vibronic satellite holes to higher energies of (Og in regions 
corresponding to vibronic frequencies as shown in the difference hole burned 
spectrum. Fig. 4-(b). In the same manner, the ZPH is accompanied by the phonon 
sideband hole (PSBH) at coq+cOQ^ since the ZPL in absorption is accompanied by a 
PSB. Generally SDFs for different electronic states are not correlated (70). 
Therefore, the narrow isochromat of the transition selected by the laser will 
correspond to a much broader polychromat in another electronic transition. Full 
correlation means that the energy difference of two different transitions should be 
equal for all molecules in the ensemble. Therefore each molecule has ZPLs of both 
15 
Hole Burning into (0,0) Band 
(a) 
CO 
m 
i< 
PSB^^. T I 
Figure 4. A schematic diagram representing production of the vibronic holes 
when laser li^t is tuned into the origin absorption band, (a) an 
absorption spectrum consists of one origin band (0,0) and two 
vibronic bands (Iq^.O) and (lp,0). tOg is the laser frequency and Fj 
is the inhomogeneous width, (b) hole spectrum consists of a ZPH, 
PSBHs and vibronic holes. Here and wp are the vibrational 
frequencies in the excited states 
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transitions at the same relative positions within the two inhomogeneously 
broadened absorption bands. Fortunately, the transition energy distribution of 
different vibronic levels of the 8^ state are generally highly correlated to the (0,0) 
transition (71). Therefore the origin ZPH accompanied by reasonably sharp 
vibronic holes can usually be observed. Because the above mentioned PSBH and 
the vibronic satellite holes build on the origin ZPH, they are called real-PSBH and 
real-vibronic holes. The intensity ratio of the ZPH to the real-PSBH or of the ZPH 
to the real-vibronic satellite holes follow their Franck-Condon factors. 
In addition to the real-PSBH, a pseudo-PSBH can also be produced at (ûq-o)^ 
by sites whose ZPL are located to lower energy of the bum frequency and which 
absorb laser light via their PSB. In the same manner, pseudo-vibronic holes can be 
produced. Assume that the molecule under investigation has two vibrations in the 
excited electronic state with frequencies of and cop as shown in Figure 5-(a). If 
laser frequency is tuned into the region in which the two vibronic bands (1(^,0) and 
(lp,0) overlap, the hole burning at coq excites two different isochromats to (lg^,0) 
and (Ip 0). Since NPHB rate is usually not larger than 10® s"^, the vibronically 
excited isochromats relax to their corresponding zero-point levels in the (0,0) band 
prior to hole burning. As a result, two origin ZPH (at (0,0)^ and (0,0)g) displaced 
from û)g by the two vibrational frequencies will appear in the origin region along 
with a third at cog. The energy difference between the ZPH and cog gives the 
excited state vibrational frequencies. 
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Vibronic Hole Burning 
(a) 
(0,0) 
CO 
(0% (0,0)g 
- -CO 
Figure 5. A schematic diagram representing production of the vibronic holes 
when laser light is tuned into a vibronic absorption band, (a) an 
absorption spectrum consists of one origin band (0,0) and two 
vibronic bands (1(^,0) and (Ip.O). (ûg is the laser frequency and Tj 
is the inhomogeneous width, (b) hole spectrum consists of a ZPH, 
PSBHs and vibronic holes. Here (û^ and (Op are the vibrational 
frequencies in the excited states 
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Figure 6 shows nonphotochemical hole burned spectra of Oxazine 720 in 
glycerol at 1.6 K (72). In this experiment, the bum frequency o)q=15803 cm"^. 
The figure shows that the ZPH at (Og is superimposed on the high energy side of a 
broad pseudo-PSBH peaked at (Dg-27 cm"^. The increase in absorption to the right 
of (Dg is the antihole associated with NPHB. The small glitch in the sharply rising 
edge of the antihole is a consequence of the interference between the positive going 
antihole and the negative going real-PSBH. The inset of Fig. 6 shows more clearly 
the existence of the real-PSBH at (Og+27 cm"^. Pseudo-vibronic holes which occur 
to lower energy of a>g are clearly shown while interference with the antihole from 
the real-vibronic holes at (Oq+302 cm~^ and (Dq+592 cm'^ is apparent. 
In 1978, Hayes and Small proposed (73,74) a mechanism for hole formation 
by NPHB based on coupling of the electronic transition to the glass TLSg^. Here 
TLSext (extrinsic TLS) represents the subset of localized TLS (probe-inner shell) 
which interact with or are created by the impurity. There is another type of TLS, 
TLS^Qj. (intrinsic TLS) associated with the subset of spatially extended delocalized 
TLS (outer shell). Bogner and Schwartz have proposed a similar model (75). This 
model is schematically shown in Fig. 7. TLS^^ is the potential energy curve of a 
TLS coupled to the ground state of the guest molecule while TLSp is the potential 
energy curve for the TLS coupled to the excited state. Persistence of the hole by 
NPHB can be explained if it is assumed that at the bum temperature relaxation 
between the minima of ground state TLSg^ is slow on the time scale of the 
experiment while it is competitive with the excited state lifetime at TLSp. The 
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Figure 6. Hole spectrum of Oxazine 720 in glycerol (from Ref. 72). Hole is 
burnt at Oi>3=15803 cm"^ at 1.6K. Bum intensity was 1 mW/cm^ 
and burn time was 5 sec. A number of pseudo-vibronic holes appear 
at oxmg and real-vibronic holes at cû>tOg. Inset shows enlargement 
of the ZPH region. The pseudo- and real-PSBH are located at cog-
27 and (O3+27 cm"^, respectively 
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Figure 7. 
TLSf 
TLSc 
Potential energy curves for a TLS coupled to an impurity in its 
ground state, a, or excited state, p. The tunneling rate between 
wells is given by W. cog is the laser frequency and 11> and 1 u> 
represent the upper and lower well, respectively 
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degree of competiveness determines the hole burning efficiency. If the burn 
frequency is resonant with the left well transition, then in the excited state the 
transition between the minima of TLSp by phonon assisted tunneling (PAT) or by 
thermal activation to the right well can compete with the electronic relaxation. In 
the case of a transition between the minima of TLSp, after de-excitation to the 
ground state the absorption frequency will be changed because the 
microenvironment of the guest molecule has been changed and TLSg and TL£^ are 
nearly kinetically inaccessible to each other (9). 
Recent temperature dependent NPHB experiments on cresyl violet 
jerchlorate (CV) in polyvinyl alcohol (76) have shown that there is a strong bum 
temperature (Tg) dependence of the antihole profile and Tg independence of the 
hole growth. With this result and an approximation to the static distribution of 
extrinsic asymmetric double well potentials, one can notice that the above NPHB 
mechanism predicts a red-shifted antihole. However, based on the published 
NPHB spectra (75-77) of impurity electronic transitions in amorphous host, it 
appears that the antihole corresponding to the ZPH plus pseudo-PSBH is often 
predominately located to higher energy of the ZPH, i.e., blue-shifted, (also see Fig. 
6). This indicates that the simple TLS model is inadequate. In Ref. 76, a new 
NPHB mechanism based on an "outside-in" hierachy of constrained conflgurational 
tunneling levels is introduced. The essential idea of this model is that electronic 
excitation from the pre-bum guest-host configuration triggers rapid tunneling of 
the delocalized TLS^^^ ("outer-shell") which produces a decrease in the firee volume 
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of the "outer-shell" and an increase in that of the localized TLSgjjj. (probe-inner 
shell). Subsequently, tunneling occurs causing the hole formation. This new 
model is shown to be consistent with the experimental data (76,78,79) and can 
explain why the antihole for mr* transitions of organic molecules are produced 
predominantly to higher energy side of the hole as follows: generally energy 
stabilization of the ground state and im* state due to the reduction of 
intermolecular atom-atom repulsion should be nearly identical while the loss of 
stabilization energy for the mt* state associated with attractive interactions would 
be greater than that for the ground state. With this consideration, the model 
predicts blue shifted antihole for the mt* transitions of organic molecules. 
As mentioned earlier, the inherent structural disorder of the amorphous 
solids leads to a distribution of the TLS parameters. This precludes the 
observation of a pure exponential decay in time associated with many relaxation 
processes (80,81) and results in dispersive relaxation processes. This is expected in 
systems where the hole burning proceeds via the tunneling of TLS. Because the 
tunneling rate depends exponentially on the tunneling parameter A, by R = Og 
exp(-2X,), the distribution of X gives rise to a broad distribution of burning rates. 
Here Og is defined by the type of the experiment (72,82). The study of hole growth 
kinetics and spontaneous hole filling (a dark ground state process) are important 
methods for the investigation of dispersive kinetics in glasses (9,82). For a review 
of hole growth kinetics, the reader is referred to Ref. 72. 
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Although a persistent hole can last for long periods of time (~hours to days), 
slow hole filling (spontaneous hole fîUing, SPHF) is normally observed in the dark 
at T=Tg. Here, Tg is the bum temperature. This is caused by TLS ground state 
transitions involving emission or absorption of thermal phonons. Since the 
electronic transition energy of the impurity molecule also depends on the strain, 
fluctuation in strain leads to fluctuations of the electronic transition frequencies of 
the guest. There are two SPE®* processes: [1] antihole reversion from the product 
to reactant state by the TLSg^ transition. Under certain circumstances, this 
process can lead to filling without hole broadening (9); [2] redistribution of the 
unbumed molecules by TLS^^. transitions. This process, called spectral diffusion, 
does not change the hole area but changes the hole shape. This causes additional 
broadening of the optical linewidth. Because the TLS relaxation rate is dispersive 
in amorphous solids, the broadening of the hole width by spectral diffusion is both 
time and temperature dependent. If TLS relaxation by spectral difiusion occurs 
within the lifetime of the excited state of the molecule, it will contribute to the 
homogeneous linewidth and if not, it will contribute to spectral diffusion (83). 
In Refs. 84 and 85, Payer and his group concluded that the linewidth of 
resorufin in ethanol glass measured from hole burning was about four times larger 
than that measured by photon echo as a consequence of spectral diffusion. 
However this result is somewhat controversial. In Refs. 86 and 87, Vdlker and her 
group suggested that hole burning can yield the homogeneous linewidth. This will 
be further discussed in the introduction to Section II in this dissertation. 
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Whichever is correct, one can obtain an upper limit of y from holes burned in the 
short bum time limit with a monochromatic laser because the holewidth is then 
greater than or equal to twice y. 
Spectral hole burning is a high resolution line narrowing spectroscopy. 
Typically holes burned at very low temperatures are very narrow and sensitive to 
the microscopic environment. Therefore, from detailed linewidth and hole shape 
studies, one can obtain valuable information about the host as well as the guest. 
Examples are the degree of inhomogeneous broadening (88), vibrational 
frequencies (56,78,89) and their Franck-Condon factors (56,78) and symmetry (89), 
electron-phonon coupling strength (90,91), dephasing (92), spectral difiusion (84-
87), bottleneck lifetime (57), etc., as well as TLS parameters (72) by using hole 
growth kinetics. Also PHB and NPHB have the potential to be used for ultra 
narrow optical band pass filters (93) and ultra high density optical memory storage 
devices (94-96). 
Application of hole burning to biological systems, e.g., photosynthetic systems 
(97), is another important recent application. One can obtain the following 
information on the protein-chlorophyll (Chi) complexes from hole burning 
spectroscopy: [1] active intramolecular Chi modes (frequencies and Franck-Condon 
factors) for S j«-Sq transition. When these are compared with those of the same 
pigment in a non-naturally occuring material, one can obtain information on the 
extent of the perturbation of the interaction with the protein; [2] linear electron-
phonon coupling for the optical transition, where phonon refers to the low energy 
25 
intermolecular modes of the protein-Chl complex; [3] the degree of inhomogeneous 
broadening; [4] the width of the ZPH coincident with the burn frequency which 
can be used to determine the lifetime of the excited state (zero-point level) due to 
rapid energy transfer or primary charge separation; [5] the excitonic interaction of 
strongly coupled Chi aggregates. 
In this dissertation, NPHB and PHB techniques are used to study the 
following: [1] hole and antihole profiles. The theory for hole profiles developed by 
Hayes et al. (15) was extended to examine the PSBH shapes at arbitrary burn 
times and at different bum wavelengths. Comparison between the simulated and 
measured holes provide an approximate method for determination of the antihole 
profile; [2] the antihole of a porphyrin in an amorphous solid. Using the polarized 
hole spectra of porphyrin in polymer, it was possible to observe the antihole even 
though it was broadly distributed throughout the inhomogeneously broadened 
absorption profile. In addition, vibronic holes and the correlation between the 8^ 
and Sg site energy distributions are discussed; [3] spectral diffusion and the power 
dependence of holes burned with constant fluence. Experimental data are 
explained in terms of hole burning kinetic models, dispersive kinetics, hole 
saturation broadening and power broadening; [4] the homogeneous and 
inhomogeneous contribution to the absorption band of bacteriorhopdopsin. The 
first report of optical hole burning of bacteriorhodopsin is presented and the results 
are discussed in terms of the degree of homogeneous broadening and broadening 
mechanisms. 
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EXPLANATION OF DISSERTATION FORMAT 
This dissertation contains the author's original work on spectral hole burning 
of 5,10,15,20-tetraphenylporphyrin (TPP), oxazine 720 perchlorate and 
bacteriorhodopsin in amorphous hosts at low temperatures. The thesio is divided 
into three Sections. Section I contains an introduction, two published papers on 
TPP and conclusions. The first paper is concerned with an extension of the linear 
electron-phonon coupUng theory that makes it possible to study the bum time and 
bum wavelength dependent hole shapes and to extract the antihole profile. The 
second deals with the observation of an antihole by polarization spectroscopy. 
Section II contains an introduction, experimental methods, models, results and 
discussion, and conclusions. It is concemed with the spectral diffusion and the 
bum power dependence of the depth of holes for oxazine 720 in polyvinyl alcohol 
bumed with the same fluence. Section III contains an introduction, experimental 
methods, one published paper, and conclusions on the photochemical hole burning 
of bacteriorhodopsin from Halobacterium Halobium S9. It describes the degree of 
inhomogeneous broadening and mechanism of the large homogeneous broadening 
of bacteriorhodopsin. The references for the introduction, experimental methods 
and conclusions are listed at the end of each Section while those for each paper are 
given at the end of the paper. 
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SECTION I. 
HOLES AND ANTIHOLES 
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INTRODUCTION 
During the past decade, hole burning spectroscopy has been widely used in 
high resolution laser spectroscopy of impurity centers in crystalline (1,2) and 
amorphous solids (3-5). The high resolution results from the frequency selective 
photochemical or photophysical reaction of a isochromat of impurity centers 
induced by a narrow linewidth laser. 
As discussed earlier in the general introduction (see Fig. 6), hole spectrum 
exhibits a complex shape consisting of ZPH, real- and pseudo- PSBH and satellite 
vibronic holes and the antihole. Therefore, several theoretical models (6-11) were 
developed to explain the hole shapes. Most of these models (7-11) share common 
features. 
Friedrich et al. (7,9,11) compared the hole spectra of quinizarin in ethanol-
methanol (3:1) bumed near the center of the SDF with calculated bum time 
dependent hole profiles. For qualitative agreement with experimental data, they 
required a variation in the Debye-Waller factor by a factor of 5 to 10. 
Model calculations by Sapozhnikov (10) showed a strong dependence of the 
hole profile on the burn frequency and burn time. Specifically, when the burn 
frequency was near the center of the SDF, the real- and pseudo-PSBHs were 
observed to grow in concert as the bum time increases. 
Hayes et al. (6) derived an expression for the hole bumed profile which is 
valid for arbitrary strong electron-phonon coupling. In their model, single site 
absorption profile consists of the ZPL and multi-phonon transitions (instead of only 
one-phonon transitions) were used. This model was tested for the short bum time 
limit and also showed a strong dependence of the hole shape on the burn 
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frequency. This model was used to explain the hole burned spectra of the primary 
electron donor state of isolated reaction centers of Rhodopseudomonas viridis, 
Rhodobacter Sphaeroides and Photosystem I. Each of these systems was 
characterized by strong linear-electron phonon coupling. 
In Paper I of this section, the theory for the hole burned profile (6) is 
extended to examine the PSBH shapes at arbitrary bum time and at different bum 
wavelengths. The results are compared with the experimental hole spectra of 
5,10,15,20-tetraphenyl porphyrin (TPP). This paper introduces an approximate 
method for extracting the antihole profile in amorphous solids by comparing the 
experimental and simulated hole profiles. 
Porphyrins have been the subject of extensive research (1,12-17) because of 
their biological importance, e.g., photosynthesis (chlorophyll), oxygen transport 
(hemoglobin) and biological oxidation (cytochrome). The skeleton of porphyrins 
consists of four pyrrole rings connected by four methine bridges as shown in Fig. 1. 
The hydrogens at any outer position may be substituted, the central region may be 
occupied by two hydrogen atoms (free base porphyrins, D2I1 symmetry) or by any of 
metals (metalloporphyrins, symmetry). In some porphyrins, the outer position 
of one (chlorins) or more pyrrole rings may be reduced by hydrogénation. This 
section is concerned with only free base porphyrins. 
The sample used in this section was TPP. The steric repulsion between 
ortho-phenyl and P-pyrrole hydrogens results in the phenyl rings being almost 
perpendicular to the molecular plane (33,34). The vibrational frequencies of TPP 
in the first excited singlet state have been studied by various methods, e.g.. 
Figure 1. Basic porphyrin skeleton 
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supersonic jet spectroscopy (35), fluorescence excitation spectroscopy in polystyrene 
(36) and in nitrobenzene crystal (37) and by hole burning in polymethacrylate (4). 
X-ray crystallographic studies on free base porphyrin (H2P) and tetraphenyl 
porphyrin (TPP) were reported by Tulinsky and co-workers in Refs. 18 and 19. 
They determined that the central two hydrogen atoms in porphyrins are located on 
opposite pyrrole rings. From and NMR studies in liquid solution, it was 
reported that these central hydrogen atoms undergo tautomerization (20,21). The 
inner hydgrogen tautomerization can occur as a dark ground state process (20,21) 
or as a photoinduced process (1,4,22-24). The photoinduced tautomerization still 
occurs even at liquid helium temperatures while the dark process ceases at 77 K 
(1). The photoinduced tautomerization was discovered by Zallesskii et al. (24) from 
the time dependent fluorescence polarization studies of porphyrins. They found 
that at 77 K the fluorescence of porphyrins in glass showed considerable 
depolarization with time and concluded that the depolarization is due to 
reorientation of the absorption oscillator involving displacement of the imino 
hydrogens in the center of the porphyrin rings. Up to now, two tautomerization 
mechanisms have been proposed: two-step transfer in which the hydrogen atoms 
move asynchronously (25,26) and one-step transfer in which the hydrogen atoms 
move synchronously (27). The two-step mechanism is supported by a theoretical 
study (28) and NMR studies (20,29,30) which considered rate of transfer of the two 
inner hydrogens as a function of temperature and isotopic hydrogen mass. 
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The free porphyrin molecule will oscillate back and forth between two 
equivalent isomers. If molecule is embedded in a medium, site symmetry will 
normally be lower so that one of the isomer is expected to be at a lower energy than 
the other. The absorption spectrum of H2P in n-alkane (31) as well as the ESR 
spectrum (32) show two absorption lines at each site for the q.q (Sj^-Sq, 0-0) 
transition that corresponds to the two tautomers. Many hole burning experiment 
of porphyrins (1,31) in crystalline media showed that after a period of 
monochromatic irradiation in one of the two lines, the other component in the 
fluorescence had obtained intensify (antihole) from the original line. This is clear 
evidence that the mechanism of the hole burning of porphyrin is photochemical 
tautomerization. 
However, up to now the antihole of porphyrins in amorphous solids has not 
been observed. The antihole in amorphous matrices can be detected in polarized 
absorption spectra because the absorption bands of the reactants and products are 
oppositely polarized. Paper II of this section of this dissertation is concerned with 
this subject. In addition, a correlation between the and Sg site energy 
distributions is demonstrated. 
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PAPER I. HOLE AND ANTIHOLE PROFILES IN NONPHOTOCHEMICAL 
HOLE-BURNED SPECTRA 
41 
Hole and Antihole Profiles in Nonphotochemical 
Hole-Bumed Spectra 
In-Ja Lee, John M. Hayes and Gerald J. Small 
Jounal of Chemical Physics 1989, 91, 3463 
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ABSTRACT 
The shapes of the real-phonon and pseudo-phonon sideband holes (PSBH) 
which occur in hole-bumed spectra in amorphous solids are both wavelength and 
bum time dependent. The theory previously proposed to simulate hole shapes in 
the short burn time limit is extended to examine the PSBH shapes at arbitrary 
times and at different bum wavelengths. The simulated spectra are compared with 
experimental data for tetraphenyl porphyrin in polystyrene. It is also shown the 
stimulated spectra may be used to deconvolve the antihole spectrum from the hole 
spectrum. 
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INTRODUCTION 
During the past decade, research on spectral hole burning of impurity 
electronic transitions in amorphous solids has undergone substantive growth (1). 
To a large measure the increase in activity was stimulated by the fact that spectral 
hole burning provides a new window on the dynamics of configurational tunneling 
processes which occur in glasses and polymers at very low temperatures (2). In 
this regard the study of different properties of nonphotochemical hole burning 
(NPHB) can provide information on relaxation processes whose time scales vary 
over about 15 decades (picoseconds to hours). 
Nonphotochemical hole burning is the manifestation of the production of a 
final impurity-glass ground state that is thermally inaccessible (3), at Tg (bum 
temperature), to the prebum state. This production accompanies completion of the 
cycle which takes the impurity from its ground electronic state to the excited state 
and back to the ground state. The difference between the excitation energies for 
the final and prebum ground state is less than or roughly equal to the 
inhomogeneous linewidth of the impurity transition Fj. For electronic transitions 
Fj is typically a few hundred cm'^. The mechanism for NPHB put forth by Hayes 
and Small (4) is based on the existence of a distribution of impurity-glass 
asymmetric intermolecular double-well potentials (extrinsic two-level systems, 
TLSgj^) for both ground and excited states of the impurity. The TL8g^^ appear to 
be distinct from the intrinsic TLS of the glass which are responsible for optical 
dephasing and spectral diffusion (2,5-7). 
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In this paper we are concerned with the nature of the antihole (increase in 
absorption) which accompanies NPHB. This problem has received limited 
attention for amorphous solids (8-11) despite its obvious importance for 
understanding the hole-burning mechanism. For pentacene in benzoic acid, a 
mixed-crystal system which exibits NPHB, the antiholes have been extensively 
studied (12,13). An approximate method for extracting the antihole profile in 
amorphous solids is described in the present paper which depends, in part, on 
theoretical analysis of the linear electron-phonon coupling. 
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PHONON SIDEBAND HOLE (PSBH) ANAYSIS 
Figure 1 reveals the features of NPHB spectra which are of interest. The 
spectrum is for the native antenna complex of photosystem I (PSI-200) at 1.6 K 
The prebum absorption spectrum is also shown. The hole-burned spectrum was 
obtained with Xg = 670.0 nm located at the center of the inhomogeneously 
broadened origin band for chlorlphyU a. For the high fluence used the ZPH (zero-
phonon hole) coincident with Xg is saturated (has attained maximum depth). The 
difference spectrum, inset of Fig. 1, reveals more clearly the broad asymmetric hole 
displaced by 22 cm'^ to lower energy of ZPH (Xg). As proven in Ref. 14, this hole is 
the pseudo-PSBH due to chlorophyll a sites that absorb Xg via phonon-sideband 
transitions which build on their zero-phonon transitions. The combined intensity 
of ZPH plus pseudo-PSBH can be seen to be reasonably well compensated for by 
the antihole just to the left of the ZPH. Therefore, the mechanism for hole buring 
is nonphotochemical. 
There are, however, two types of PSBH, the pseudo-PSBH and real-PSBH 
(15-17). The latter builds on the ZPH and is located to higher energy of the ZPH. 
In the Condon approximation the relative intensities of the ZPH and real-PSBH 
are solely governed by Franck-Condon factors and are burn time independent. The 
situation is more complex for the pseudo-PSBH. In Fig. 1 the real-PSBH is largely 
masked by the antihole. On the other hand, to obtain the true antihole shape the 
real-PSBH must be deconvolved from the apparent antihole. 
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Figure 1. The absorption spectrum of PSI-200 at 1.6 K, before and after hole 
burning at \g=670.0 nm, for 20 min with 4 W/cm^. The antihole is 
evident to the left of Xg. The difference between the two spectra is 
shown in the inset 
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Recently, Hayes et al. (18) relaxed the assumption of weak linear electron-
phonon coupling and derived an analytic expression for the hole-burned profile 
(short burn time limit) which is valid for arbitrarily strong coupling. The theory 
was used to interpret the hole-burned spectra of the primary electron donor state of 
photosynthetic reaction centers (18,19). The theory predicts a significant Xg 
dependence of the ZPH plus PSBH profile. It is clear also that (15) for each Xg the 
profile should be bum time dependent. However, the theory of Hayes et al. has not 
been adequately tested with data firom simpler hole-burning systems. One 
objective of this paper is to do so. 
Hayes et al. (18) utilized the mean phonon firequency (cDq^) approximation 
(11) to write 
for the single-site absorption profile in the low-temperature limit (kT < M(Og^). 
Here v is the zero-phonon transition frequency and r=0,1, 2,... labels the zero-, one-
, two-, etc., phonon processes. The parameter S is the Huang-Rhys factor and the 
coefficient of 1^ is the phonon Franck-Condon factor. The shape of the r-phonon 
profile is 1^. For the zero-phonon transition, 1q can be a Lorentzian with FWHM y 
(homogeneous linewidth). The one-phonon profile is centered at v + 0)^^ and is 
given a width r. Impurity electronic transitions in amorphous solids typically 
exhibit a F of - 50 cm"^. When a Gaussian with FWHM equal to F is utilized for 
(1) 
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Ij, the width of the r-phonon profile is r^^F for the case where the one-phonon 
profile is due to coupling to host phonons. Utilization of a Lorentzian yields a 
width of rP and an r-phonon profile which is also Lorentzian. However, a width of 
rr (r^2) is most likely an overestimate of the true width. For this reason Hayes et 
al. (18) employed Lorentzians for 1^ (rkl) with a width of r^^r. An advantage over 
utilization of Gaussian is that an analytical expression for the hole profile can be 
obtained in the short bum time limit (18). Our calculations have shown that for S 
< 1 there is no significant difference between the hole profiles calculated with the 
two types of function. For larger S values more accurate profiles are obtained 
using Gaussian or asymmetric phonon profiles. For the calculations presented, 
Lorenztian profiles were used for the multiphonon profiles. The prebum 
absorption spectrum is given by the convolution of Eq. (1) with the zero-phonon site 
excitation distribution function (SDF): 
(2, 
where Nq(v-Vjjj) /N is the probability of a site with zero-phonon transition 
frequency equal to v. A Gaussian is the physically reasonable choice for Nq 
(centered at v^^), but a Lorentzian was found to yield hole profiles which do not 
differ significantly from those obtained with a Gaussian for the relatively small 
values of S employed (S^l). 
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Following a bum at oog with intensity I for a bum time t, the number of sites 
with zero-phonon frequency equal to v is defined by 
= NqCv-Vjjj) exp[-oI(|>TL((û3-v)], 
where o is the absorption cross section and (() is the hole-burning quantum yield. 
The hole-bumed absorption spectrum is, therefore, 
Equation (3) does not allow for dispersive kinetics due to a distribution of quantum 
yields, which is known to be very important for NPHB, specifically for the growth 
of the ZPH (5). In the absence of interference from the antihole the determination 
of S from the ZPH and reed-PSBH can always be made on the basis of their relative 
intensities even when dispersion is important. This is not necessarily true when 
the pseudo-PSBH is employed as will be discussed later. 
The calculated hole-bumed spectra reported below were obtained by 
numerical integration (Bode's approximation) of Eqs. (2) and (3); the hole profile is 
A^iQ) - AqCt). For the Huang-Rhys factor employed, sufficient accuracy was 
obtained by truncating the series at r = 6. The product al(t> is taken as a constant 
and only the bum time is considered as a variable. In utilizing Eq. (3) it is 
50 
assviined that the linewidth of the bum laser is narrow relative to the 
homogeneous linewidth y. 
Figure 2 shows a series of AOD (change in optical density) hole-bumed 
spectra calculated as a function of bum time for the case where the bum frequency 
(Og is equal to the center of the SDF. The values of the parameters used are 
given in the caption. It was found that the hole spectra calculated using a 
Lorentzian and Gaussian for the SDF were essentially identical. The spectra in 
Fig. 2 were calculated using a Gaussian SDF with a width of 200 cm'^. Because 
the experimental systems we consider are characterized by weak coupling with S 
close to 1, an 8=1.0 was used to obtain Fig. 2. Furthermore, a rather small value 
of r = 20 cm*^ was employed for the width of the one-phonon profile so that the 
PSBH would be clearly resolved. The AOD scales for all spectra in Fig. 2 are the 
same and AOD value for the ZPH of spctrum (c) corresponds to a 20% OD change. 
For the shorter burn times [spectra (a) and (b)], corresponding to a percentage of 
OD changes for the ZPH of ^ 10%, the intensities of the pseudo- and real-PSBH are 
comparable as expected in the short burn time limit (18). For longer bum times 
the intensity of the pseudo-PSBH relative to the ZPH increases while, at the same 
time, the width of the ZPH increases beyond the value of 2y expected from 
homogeneous broadening. The latter effect is due to the contribution to the ZPH 
from off-resonant sites which absorb coq via the wings of their zero-phonon 
absorption profiles. Our calculations indicate that to avoid this type of broadening 
short bum time spectra, whose ZPH depths are less than 30% of the saturated ZPH 
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Figure 2. Hole-bumed spectra for coq=Vq^ as a function of bum time, 
calculated as the difference between Eqs. (2) and (3) with bum 
times of (a) 10 usee, (b) 25 fisec, (c) 100 psec, (d) 1 msec, and (e) 10 
msec. The parameter used are 8=1.0, (Og = Vjj^ = 0.0 cm"^, co^ = 30 
cm"^, Y = 1.0 cm'^, r = 20 cm"^, = 200 cm"^, and ol<t)=4.43cl0'^ 
cm'^ s"^ 
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depth, should be used. The ZPH of spectrum (d) in Fig. 2 is saturated. For NPHB, 
where the burning kinetics are dispersive, it is apparent from earlier work (5) that 
this percentage could be significantly smaller. For S values significantly larger 
than 1 (strong coupling), the burn time development of the hole spectra would be 
qualitatively different than shown in Fig. 2 in that pseudo-PSBH would saturate 
before the ZPH (15). However, in general, the time development of the hole profile 
should also depend on the location of (Og within the absorption profile. 
From the analytic expression for the hole profile in the short bum time limit, 
Hayes et al. (18) demonstrated that the hole profile does depend on the location of 
©g. The dependence becomes stronger as S increases. This can be qualitatively 
understood by noting that as oog is tuned sufEiciently into the low- and high-energy 
sides of the absorption profile, the ratio of zero-phonon to multiphonon (r^l) 
excitation will increase and decrease, respectively, for a fixed S. The effects of this 
on the hole-bumed spectra could be incorrectly interpreted in terms of a site 
excitation energy dependence of S. 
Figures 3 and 4 show the results of the calculations obtained with the same 
values for S, T, (0^, and Tj as used for Fig. 2 except that cog = -100, 
respectively. Comparison of Figs. 3 and 4 clearly illustrates that there is a 
pronounced dependence of the hole profile on cog which becomes more apparent as 
the burn time inceases. Whereas the centroid of the hole profile in Fig. 4 is always 
located near (Og, the centroids for the two longest bum times in Fig. 3 are shifted 
about 50 cm"^ to the red of (Og. Spectra (c) of Figs. 3 and 4 can be directly 
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Figure 3. Hole-burned spectra for o>g=Vjjj+100 cm"^ as a function of burn 
time, calculated as for Fig. 2. The burn times are (a) 10 usee, (b) 
100 usee, (c) 1 msec, and (d) 10 msec. The other parameters are as 
in Fig. 2 
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Figure 4. Hole burned spectra for tùg=Vj^-100 cm"^ as a function of burn 
time, calculated as for Fig. 2. The burn times are (a) 10 psec, (b) 
100 usee, (c) 1 msec, and (d) 10 msec. The other parameters are as 
in Fig. 2 
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compared with spectrum (d) of Fig. 2. Of particular interest is the behavior shown 
in Fig. 4 which is that the real- and pseudo-PSBH have comparable intensities for 
a wide range of burning times. 
To test the predictions of the calculations we have begun experiments on a 
number of hole-burning systems. The preliminary survey studies yielded 
encouraging results and indicate that the predictions are qualitatively correct. 
Here we present some illustrative spectra for 5-, 10-, 15-, 20-tetraphenyl-porphin 
(TPP) in polystyrene films. For this system, the hole-burning mechanism is 
photochemical (proton tautomerism) and the antihole is distributed over the 
original inhomogeneous absorptions (21). Because of its broad distribution to 
wavelengths on both sides of Xg, interference of the antihole with the real- and 
peudo-PSBH is minimized. The origin absorption maximum of TPP in polystyrene 
at 4.6 K is located at 645 nm (FWHM = 350 cm"^). Holes were burned with a cw 
dye laser possessing a linewidth of ^ 1 MHz and read with a Bruker IFS-120 FT 
spectrometer operated at a resolution of 2 cm'^. Hole-bumed spectra for Xg = 652, 
645 and 638 nm [(A)-(C)] are shown in Fig. 5: The burn fluences for (A) and (C) are 
identical (see Fig. 5). The fluence used to obtain spectrum (B) was a factor of 2 
lower. All spectra correspond to "hard" bums designed to mimic the behaviors of 
the lowest calculated spectra in Figs. 2-4. Comparison of spectra (e) and (d) of 
Figs. 2 and 3 with spectra (B) and (C) of Fig. 5 (respectively) and spectrum (d) of 
Fig. 4 with spectrum (A) of Fig. 5 indicates that TPP in polystyrene behaves in 
accord with the basic predictions of the theory. The approximate symmetric 
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Figure 5. The abroption spectrum for the transition of 5,10,15,20-
tetraphenylporphyrin in polystyrene film. The insets shows hole 
spectra bumed at the labeled positions. Burn conditions are (A) 
Xg=662 nm, 10 min at 10 mW/cm^; (B) A,g=645 nm, 10 min at 5 
mW/cm^; and (C) Xg=:638 nm, 10 min at 10 mW/cm^ 
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disposition of the real- and pseudo-PSBH about the ZPH in spectrum (A) of Fig. 5 
is particularly interesting. Shorter bum time spectra of TPP in polystyrene 
indicate that the coupling is weak (S ~ 1). Experiments are planned which will 
provide us with the bum time dependent spectra for several (Og values necessary 
to test the quantitative accuracy of the theory. It shoud be emphasized that the (Og 
dependence of the hole spectra is a sensitive function of S, Og, and Fj. The value of 
r, the width of the one-phonon profile, primarily determines the degree of 
resolution of the multiphonon sideband holes. 
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DETERMINATION OF THE ANTIHOLE IN NPHB SPECTRA 
Based on published NPHB spectra of impurity electronic transitions in 
amorphous hosts (9,10), e.g., oxazine 720 in polyacrylic acid films (11), it appears 
that the antihole corresponding to the ZPH plus pseudo-PSBH is often 
predominantly located to higher E of the ZPH. The spectra of chlorophyll a of PSI-
200 are no exception (Fig. 1). In this section we are interested in determining a 
reasonable approximation to the true antihole profile for chlorophyll a of PSI-200. 
The approach used is as follows: because the antihole contribution in the region of 
the pseudo-PSBH is relatively small, the values of and r as well as a good 
estimate for S can be determined from burn time dependent spectra of the ZPH 
plus pseudo-PSBH. These values together with a value of Fj are then used with 
the above theory to fit the experimental ZPH plus pseudo-PSBH spectrum of 
interest. In so doing the value of al(t>x in Eq. (3) is the only adjustable parameter. 
The fitting procedure provides a calculated hole-burned spectrum for the ZPH, 
pseudo- and real-PSBH, which is then subtracted firom the observed spectrum to 
yield the antihole profile. 
From burn time dependent spectra (Xg = 669.5 nm) for chlorophyll a  of PSI-
200, Gillie, Small, and Golbeck (14) determined approximate values of 0.8, 20, and 
40 cm"^ for S, (D^^, and F, respectively, and a value of 200 cm'^ for Fj. The value of 
S was obtained from the integrated intensities of the ZPH and pseudo-PSBH in the 
short bum time Umit. A comparable value for S was obtained from the 
deconvolution of the pseudo-PSBH for a longer bum time into one- and two-phonon 
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contributions. The experimental profile selected by us for fitting is shown in Fig. 6. 
The parameter values used for the calculation are given in the caption. We note 
that the value of used is based on the estimate that the center of the SDF is 
located to the red of the absorption maximum by ~So>q^ (18). Â Gaussian was 
utilized for the SDF. The calculated hole-burned spectrum in Fig. 6 exhibits 
reasonable agreement with the experimental ZPH plus pseudo-PSBH spectrum, 
except in the region between the maximum of the pseudo-PSBH and the ZPH. We 
have determined that improved agreement in this region can be obtained by using 
an asymmetric (rather than symmetric) one-phonon absorption profile. However, 
the discrepancy is mostly likely due to the fact that the spectral shape just to the 
red of the ZPH in the experimental spectrum is determined by the interplay of the 
negative-going pseudo-PSBH and positive-going antihole. The calculated antihole 
spectrum in Fig. 6 shows that the antihole increases sharply at about 15 cm'^ to 
the red of the ZPH. Thus, it is not clear that the calculated hole-bumed spectrum 
in Fig. 6 is inaccurate in the aforementioned region. In any event, the antihole 
obtained using an asymmetric one-phonon profile is very similar to the one shown 
in Fig. 6, except that it exhibits a slightly smaller intensity near the ZPH 
frequency (coq). Both calculated antihole exhibit a contribution to lower energy 
(~40 cm'^) of the ZPH. Its weakness, however, together with the uncertainties of 
the calculations, prevent us firom concluding that the calculated low-energy part of 
the antihole is real. Nevertheless, one can confidently conclude that the NPHB 
predominantly creates sites whose zero-phonon transitions are shifted to higher 
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Figure 6. A comparison between (b) experimental (solid curve) and (c) 
calculated (dashed-dotted curve) hole spectra for PSI-200. (a) The 
difference (dashed curve) between the two curves approximates the 
antihole shape. The hole was burned at Xg=699.5 nm for 20 min 
with 10 mW/cm^. For the calculated hole 8=0.8, 0)^^=20 cm"^, 
Vm=14928.3 cm"^, y=0.04 cm'^, r=37.5cm"^, ^^^=200 cm'^, and 
oI(j>x=26.4 cm"^ 
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energy relative to their prebum values. 
Since the antihole is peaked at + 4 cm'^ relative to the ZPH, this shift is (on 
average) ~24 cm'^ since the antihole is primarily due to the sites associated with 
the pseudo-PSBH (in Fig. 6 the integrated intensity of the ZPH is weak relative to 
that of the pseudo-PSBH and no sharp antihole associated with the ZPH is 
evident). Focusing on the intense high-energy part of the antihole (which onsets at 
~ 15 cm*^ to the left of the ZPH), it can be seen that it bears an approximate mirror 
symmetry relationship to the pseudo-PSBH. The tailing of the former, however, is 
more pronounced. The additional tailing may have its origin, in part, in the one-
and higher-phonon transitions which build on the zero-phonon transitions of the 
sites created by NPHB. The center of the SDF for the created sites should lie close 
to Og + 4 cm"^ with a width of a approximately 40 cm'^. For an S value of 0.8 one 
does expect a significant contribution firom the one- through three-phonon 
transitions based on the Poisson distribution exp(-S) S'^ / r!. However, the absence 
of complete correlation between the zero-phonon excitation frequencies of the burnt 
and created sites (as indicated by the absence of a sharp antihole corresponding to 
the ZPH) may also be a contributing factor. 
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CONCLUDmG REMARKS 
The calculations of the PSBH structure presented in Section II of this paper 
are the most complete of any reported to date for amorphous solids. A principal 
finding is that there is a significant dependence of the ZPH plus PSBH structure 
on the location of (Og within the inhomogeneously broadened absorption profile 
even for weak electron phonon coupUng (8 < 1). In retrospect, this is not surprising 
since even for an S value of only 0.4 the Franck-Condon factor for one-phonon 
transitions is about 30% of the value for the zero phonon transition. The point is 
that organic systems which exhibits an S value of less than 0.4 are rare so that the 
observations reported here for the tetraphenyl-porphin in the polystyrene system 
should be observable in many systems. It is clear that detailed studies of the burn 
time and coq dependences (as well as the T dependence) of the profiles for 
photochemical hole-burning systems can provide a complete understanding of the 
linear electron-phonon coupling as well as the determination of Fj and the center 
frequency of the zero-phonon site distribution function. The problem for NPHB 
system is more complicated due to the existence of the antihole and the dispersive 
kinetics of the hole burning. Provided the antihole is located primarily to higher 
energy of the ZPH, the problem is soluble because the hnear electron-phonon 
coupling can be characterized and determined baaed on the ZPH and pseudo-
PSBH. This assumes, however, that the effects of dispersive kinetics can be 
properly accounted for. This can be done by studying the burn time dependences of 
the ZPH and pseudo-PSBH, and subsequent analysis of these dependences with 
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the theory presented here but suitably modified for dispersive kinetics. For the 
case of chlorophyll a of PSI-200, two different approaches were used to determine 
a value of S = 0.7 ± 0.1 from ZPH plus pseudo-PSBH profiles. Thus, we are 
confident that the value of 0.8 used is reasonable. For values of S close to unity the 
dispersive kinetics should affect the growth of the ZPH and one-phonon pseudo-
PSBH to about the same extent. Thus, we feel that our neglect of dispersive 
kinetics for analyses of the data is justified. 
The nature of the antihole determined for chlorophyll a of PSI-200 deserves 
further discussion within the context of the mechanism for NPHB since it appears 
to be similar to those observed in other systems (9-11, 21) Very recently, an 
antihole for cresyl violet in polyvinyl alcohol films was observed and is 
qualitatively similar to that for chlorophyll a (22). The fact that the sites created 
by NPHB possess excitation frequencies that are up-shifted relative to those of the 
preburn sites to carry the following implication for the NPHB mechanism of Hayes 
and Small (4): The two tunnel states of the TLS^^ for the electronically excited 
state p of the impurity are, on average, degenerate to within kT (~1 K) so that the 
aforementioned up-shifting is primarily a consequence of the fact that for the 
ground electronic state (a) the final populated TLS^^ configuration lies lower in 
energy than the preburn configuration. The suggestion of degeneracy to within kT 
is based on the notion that there should be no correlation between the relative 
energetic disposition of the two wells ofTLS^^ and those ofTLS^^. For the 
preburn state of the glass there would be a preponderance of frozen-in impurity-
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glass configurations that are only able to relax to lower-energy configurations by 
the optical excitation cycle. We note that the mixed-crystal system of thioindigo in 
benzoic acid is a thoroughly understood model system whose behavior is consistent 
with the above excited-state degeneracy argument (23). 
Finally, we consider the assumptions of the model presented for the analysis 
of the PSBH and antihole associated with NPHB in amorphous solids. The first is 
the utilization of the single mean phonon frequency ((O^) approximation for 
coupling of the electronic transition to the continuum of bath phonons. The single-
site phonon sideband profile in absorption is governed by the product ^ (i>)5(C(>), 
where g{(o) is the phonon density of states and S((o) is the frequency-dependent 
Huang-Rhys factor (20). Thus it is this product which must be reasonably sharply 
peaked at a single cOj^ before the mean phonon frequency approximation can be 
made. If the short bum spectra exhibit a pseudo-PSBH that is dominated by a 
single maximum (at ûï^) and the assymmetry of the PSBH is consistent with the 
value of S (estimated from the intensity of the ZPH relative to the pseudo-PSBH), 
the mean phonon frequency approximation should be reasonably accurate. This 
was determined to be the case for TPP in polystyrene (short burn time spectra not 
shown) and PSI-200 (14). The type of low-energy tailing for the pseudo-PSBH 
shown in spectrum (b) of Fig. 6 (see also Ref. 14) is approximately that expected in 
the mean phonon frequency approximation for S ~ 1, as shown by the calculations 
reported in Ref. 18. The second approximation involves the utilization of a 
symmetric function for the one-phonon absorption profile. This approximation is 
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valid for a resonant or pseudolocalized phonon (frequency (Og^) which is rapidly 
damped by harmonic relaxation into delocalized bath phonons. However, it may 
not be valid if the one-phonon profile is due to coupling to the bath phonons 
themselves, since there is no physical reason to expect thatg((o)S((i)) should be 
symmetric. Unfortunately, experimental spectra are often limited in the sense 
that they cannot be used, with any certainty, to address the symmetry question 
(this is the case for the systems studied in the present work). Unless the 
experimental spectra clearly indicate otherwise, there would seem to be little point 
in relaxing the above approximaitons in the model. This model assumes the low-
temperature limit, kT«14tam, which is clearly satisfied in the present work. 
Perhaps the most serious (and intersting) approximation for NPHB in amorphous 
solids is our neglect of filling of the ZPH by the antihole during the course of 
buring. From curve (a) of Fig. 6 for PSI-200 it is apparent that the antihole, 
produced by burning of sites whose zero-phonon absorption fi^equency hes lower 
than o>Q, has considerable amphtude at Although the lower-energy sites up-
shifted to (Og can undergo subsequent burning, the intensify of Ae ZPH could be 
significantly affected by the filling process. It would be important in future studies 
to attempt to determine the extent of this effect. To do so would require 
characterization of the dispersive kinetics associated with NPHB. Such kinetics 
are ignored in the model. 
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ABSTRACT 
Polarized hole and anti-hole spectra for tetraphenylporphyrin in a 
polystyrene matrix are presented. It is shown that, consistent with the 
photochemical nature of the hole, the antihole is polarized oppositely to the hole 
and is distributed throughout the inhomogeneous distribution of absorbers. 
However, there is also a pronounced asymmetry of the antihole which is 
interpreted as being due to the amorphous nature of the lattice. A correlation 
between the site energy distribution functions for the and Qy states is also 
demonstrated. 
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INTRODUCTION 
It is well known from NMR studies of porphyrin solutions that these 
molecules undergo facile tautomerization involving a double proton transfer (1,2). 
Although the dark ground state processes monitored by NMR cease at cryogenic 
temperatures, the tautomerization can still occur photochemically, even at 
temperatures <2K (3,4). That this tautomerization is the mechanism for 
photochemical hole burning of porphyrins and related molecules has been assumed 
in numerous instances (5-8) although an absorption increase due to the 
photogenerated tautomer has only been observed for crystalline matrices (3). 
The difHculty in detecting photoproduct absorption, or an antihole, can be 
understood by considering that for porphins possessing D2j^ symmetry, the 
tautomerization is equivalent to a 90* rotation of the molecule about a normal to 
the molecular plane. In the absence of environmental perturbations, the two 
tautomers would be energetically equivalent. In n-alkane crystals, the 8^ 
absorption transitions are shifted by $ 100 cm'^. This shift is less than typical 
inhomogeneous widths for porphyrins in amorphous matrices. In such amorphous 
hosts absorption widths of -360 cm'l are typical; 350 cm"^ is thus the range of 
energies over which the transition is distributed. Photoproduct absorption will 
occur within the same spectral region as the hole, making its detection difficult. 
However, because the absorption bands of reactants and products are 
oppositely polarized, the anti-hole can be detected in polarized absorption spectra. 
Polarization properties of spectral holes have previously been discussed for 
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numerous systems. Among the first papers in this area were those by Romagnoli 
et al. (9) on NaF color centers and phthalocyanine in polyethylene and by Kdhler et 
al. (10) on quinizarin in an alcoholic glass. Polarized spectra have also previously 
been used to elucidate hole burning mechanisms (11,12). 
In this paper, polarized hole spectra for tetraphenylporphyrin in a 
polystyrene films will be used to show that although the antihole absorption is 
distributed throughout the inhomogeneously broadened absorption profile, there is 
a pronounced blue shift of the distribution of anti-hole absorption energies. In 
addition, a correlation between the 8^ and Sg site energy distributions will be 
demonstrated. 
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EXPERIMENTAL 
Free base 6,10, lS,20-tetraphenylporphyrin and polystyrene were each 
dissolved in toluene and then mixed. The TPP concentration was determined by 
the amount of TPP solution added. The TPP/polystyrene solution was allowed to 
air dry from a glass surface for several days. Sections of films of uniform color 
were cut from the dried film and mounted in a variable temperature liquid helium 
cryostat (Janis, 8-DT). 
Holes were burnt at 4.6K with light from a ring dye laser (Coherent 699-21, 
line width ~20 MHz, DCM dye). To ensure that the laser light was well polarized a 
Glan-Taylor polarizer was placed in the beam just before the sample. Absorption 
spectra were taken with a Fourier transform spectrometer (Bruker, IFS-120) using 
a resolution of 2 cm'^. To obtain polarized spectra a Glan-Taylor polarizer was 
placed in the probe beam prior to the sample. Parallel and perpendicular 
polarizations in absorption were determined by passing the laser beam through 
both polarizers and adjusting the probe polarizer for maximum and null 
transmission, respectively. The unpolarized spectra were obtained from the 
polarized spectra by adding twice the perpendicular polarization to the parallel 
polarized spectrum (13,14). This procedure was followed to avoid polarization 
artifacts due to the preferential polarization of the spectrometer source arising 
from the orientations of mirrors and beamsplitters. It should be noted that the 
signal-to-noise ratio of the spectra decreases at higher frequencies. This is due to 
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both the increasing optical density of the sample and the decreasing detector 
sensitivity. 
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RESULTS 
Figure 1 shows the unpolarized, visible absorption spectrum of TPP in 
polystyrene film at 4.6K The four bands are assigned as the origin and a vibronic 
band of the lowest energy singlet excited state, 8^, also referred to as Q^, and the 
origin and a vibronic band of the second excited singlet, 82, or Qy (15). The 
absorption width of Qjj^q-O ^ &bout 350 cm'^. From the asymmetry of the band 
and from the hole spectra {vide infra), it is known that there are several low 
frequency (co < 300 cm"^) TPP vibrations within this width. However, since the 
intensities of these bands are quite weak relative to the origin absorption, 
inhomogeneous broadening is the major source of the observed width. The broader 
widths of the other bands in the spectrum reflect not only significant 
inhomogeneous broadening, but also contributions from multiple vibronic bands (in 
Qx,o.l) and/or an increased homogeneous width (Qy^O-0^* (The width of the Qy 
origin in a supersonic expansion is ~100 cm'^ (16).] 
Figure 2 is an unpolarized spectrum showing the change in optical density 
throughout the spectrum following a bum at (ùg = 15508 cm"^. The region about 
CùQ is shown more clearly in the inset. Coincident with the burn frequency there is 
a strong zero phonon hole (ZPH) representing a AOD of -25%. Shifted 11 cm'^ to 
lower energy of the ZPH is the peak of the pseudo-phonon sideband hole (pseudo-
PSBH) which arises from burning of sites at co< (Og through phonon absorption 
(17). Important features of the spectrum are the broad antihole (absorption 
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Figure 1. Unpolarized visible absorption spectrum of tetraphenylporphyrinin 
in a polystyrene film at 4.6 K 
78 
a 
o 
-.05 -
—. 1  -
cMinr^ m o tn o> If) in fo »— o> 
15800 15600 15400 15200 
19000 18000 17000 16000 15000 
WAVENUMBERS (cm-1) 
Figure 2. Unpolarized hole spectrum of tetraphenylporphyrin in polystyrene 
at 4.6 K The spectrum was obtained by summing the parallel 
polarized spectrum with twice the perpendicular spectrum. Holes 
were burnt for 15 sec at 15508 cm'^ with 20 mW/cm^. The 
numbers give the frequencies of the vibronic holes in wavenumbers. 
In the inset, A and P label the anti-holes and the pseudo-PSBH, 
respectively 
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increase) on either side of the ZPH and pseudo-PSBH and the broad increase in 
absorption of the Qy^o-0 These features have not previously been noted. 
Vibronic holes appear at frequencies both higher and lower than the primary 
bum frequency. The lower frequency vibronic holes can be referred to as pseudo-
vibronic holes corresponding to sites which absorb at (Og through a vibronic 
transition. The lower frequency features are then the corresponding origin holes. 
The higher frequency vibronic holes are real vibronic features building on the 
origin at coq. The frequency shifts relative to cog are labelled for some of the 
stronger vibronic holes. Relative to the origin hole at oog the depths of the real 
vibronic holes are directly proportional to the Franck-Condon factor for the vibronic 
transition. The largest Franck-Condon factor for the vibronic bands in the Qx,0-1 
is -0.2. Thus, the intensity of the Q^^O-l relative to the Qx,0-0 ^ the absorption 
spectrum is a consequence of the overlap of a large number of vibronic features 
rather than intrinsically higher vibronic intensity. In polarized spectra, (Fig. 3), 
the relative hole depths in parallel and perpendicular polarizations are useful in 
assigning the symmetries of vibronic bands. For the ajg vibrations of TPP the 
holes will be deeper in parallel polarization than in perpendicular. For the non-
totally symmetric vibrations, the opposite is true. These expectations are borne 
out for vibronic holes which are well separated from each other. However, in 
regions where there are multiple adjacent vibronic bands, the interference between 
vibronic ZPH and vibronic pseudo-PSBH can complicate assignments. In Fig. 3, for 
example, the band at 1502 cm'^ which is stronger in perpendicular polarization 
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Figure 3. Polarized hole spectra for tetraphenylporphyrin in polystyrene at 
4.6 K. Bum conditions as in Fig. 2. The top spectrum, associated 
with the right scale, is for perpendicular polarization. The bottom 
spectrum, associated with the left scale, is for parallel polarization 
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has been assigned as a^g by others (5,18). From higher resolution spectra, it can 
be seen that there are multiple contributions to the holes in this region. 
The changes in Qy and the ^  antihole are shown more clearly in Fig. 3 
which is the AOD spectra measured with Hght polarized parallel (lower spectrum) 
and perpendicular (upper spectrum) to the polarization of the bum beam. From 
Fig. 3, it can be seen that the ZPH at (Og and the pseudo-PSBH are much stronger 
for parallel polarization than for perpendicular and that the antihole in ^ is only 
detectable for perpendicular polarization. Additionally, for the Qy transition, the 
absorption increases for parallel and decreases for perpendicular and is broad for 
both orientations. 
An unpolarized difference spectrum for a longer bum time is shown in Fig. 4. 
As in Fig. 3, mg = 15508 cm'^, which is near the center of the inhomogeneous site 
distribution. The bum time was 5 min compared to 15 sec for the spectra of Figs.2 
and 3. In the region of the spectrum, the main result of the longer bum time is 
an increase in depth of the pseudo-PSBH and pseudo-vibronic holes relative to the 
origin ZPH. These effects are due to burning through zero-phonon absorption 
being saturated more quickly than burning through phonon or vibronic absorptions 
(19). Fig. 4 also shows that at longer burn times, the absorption increase in the Qy 
region is larger. Furthermore, as can be seen from the smoothed difference 
spectrum (inset A) of the Qy region, the absorption increase is stmctured. On the 
high energy side of the Qy antihole, there is an overtone of the 1502 cm'^ vibronic 
hole and associated low and high energy antiholes, (designated by upward- and 
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Unpolarized hole spectra for tetraphenylporphyrin in polystyrene 
at 4.6 K. Bum conditions as in Fig. 3, except bum time = 5 min. 
Inset A shows a smoothed trace of the Qy transition region. The 
upward arrow indicates the 1502 cm~^ overtone hole; the downward 
arrows indicate the associated anti-holes. Inset B shows the 
perpendicularly polarized Qy absorption. The region of no change 
in OD, corresponding to the hole is indicated by an arrow 
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downward-pointing arrows, respectively). The large absorption increase at 18090 
cm*^ is near the center of the Qy absorption, when (Og is near the center of Q^.. 
Inset B of Fig. 4 shows the perpendicularly polarized Qy absorption. 
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DISCUSSION 
Consider first, that hole burning in porphyrins is a special case of PHB in 
which proton tautomerization yields a photoproduct that is identical to the 
photoreactant molecule. The absorption spectrum of the product will be the same 
as that of the reactant except that the transition dipole moment is rotated 90* and 
the excitation frequency will be shifted due to the site symmetry being lower than 
the D21^ molecular symmetry. The frequency shifts are expected to be distributed 
throu^out the inhomogeneous width of the absorption, i.e., -300 cm~^ in the 
present case. As a result, one can expect that there should be no net change in 
integrated absorption intensity, but rather a redistribution of absorbers 
throu^out the spectrum. That this is so is not obvious from Fig. 2. Considering 
the region about the Q^^^Q-O the unpolarized hole spectrum shows antiholes 
on both sides of the ZPH. The integrated intensity of these, however, is a factor of 
~4 less than the intensity of the negative-going ZPH plus pseudo-PSBH. A part of 
the discrepancy is due to the interference of vibronic holes (both low and high 
energy) with the expected antiholes. However, integration of the absorption over a 
region which would include holes and antiholes due to both the origin band and the 
low frequency (o $ 300 cm"^) vibrations still does not result in conservation of the 
total absorption strength. For example, the range from 15000 cm"^ to 16100 cm"^ 
encompasses -600 cm"^ below cog to ~600 cm"^ above Og. Thus this region 
includes all the low frequency TPP vibrations and their inhomogeneous broadening 
contributions. Integrating the pre- and post-bum absorptions throughout this 
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range reveals a small, but significant loss of integrated absorption intensity which 
increases for longer bum times. In order to obtain quantitative agreement 
between integrated absorption intensity for pre- and post-burn spectra, it is 
necessary to integrate over the entire absorption, i.e., from 15000 cm'^ to 17550 
cm'^. As expected, the total absorption intensity is conserved and the antihole is 
within the original band. From the polarized spectra, Fig. 3, it is clear that the 
antihole is only present in the perpendicular polarization, confirming the proton 
tautomerization mechanism. 
However, the integration range required to obtain the conservation of 
absorption intensity is surprising. That the intensity is not conserved over the 
-1100 cm'^ range encompassing the inhomogeneously broadened origin band and 
the low frequency vibrations indicates that there is a shift of a substantial number 
of absorbers toward the blue and this shift extends over a range in excess of the 
inhomogeneous width of the band. In addition, the blue shift increases with bum 
time. This effect can be seen by comparing the intensity of the antihole on the low 
energy side of cog in Figs, 3 and 4. In Fig. 4, the intensity of the low energy 
antihole has been reduced by an increase in the pseudo-PSBH. However, the large 
integration range necessary to obtain conservation of absorption intensity should 
not be taken to imply that the absorption energies are actually shifted by more 
than 2000 cm"^. Because the vibronic holes and vibronic antiholes are also shifted, 
it is difficult to determine the actual extent of tailing of the antihole absorption. 
Nevertheless, a clear qualitative picture of the antihole does emerge: it is sharply 
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peaked about coq but has a very broad tail that extends by more than to the 
blue of (Og. It has recently been noted that similar broad shifts of the absorption, 
predominantly to higher energies, are a general characteristic of nonphotochemical 
hole burning, (NPHB), in it-it* absorptions of molecules in amorphous matrices 
(20). To explain that observation a new model for NPHB based on a hierarchy of 
constrained configurational tunneling events that proceed from the outer solvent 
sphere inward to the absorbing species was proposed. That the hole burning 
mechanism in TPP is photochemical is certain based on the perpendicularly 
polarized anti-hole near (Og; however, it is not surprising that the amorphous 
polystyrene matrix should exert an influence similar to that observed in NPHB, 
since it is precisely site energy differences which allow the tautomerization to be 
detected optically. 
In the Qy region of the spectrum, if there is no correlation between the site 
distributions for Q^and Qy, one would expect that the holes and antiholes will both 
be distributed throughout the absorption band resulting in no change in the 
unpolarized spectra. That this expectation is not fulfilled is clear from examining 
Fig. 2. In the spectrum (Fig. 2), there is clearly a slight increase in absorption in 
the Qy region, which becomes more pronounced at longer burn times. This 
increase is one manifestation of site energy correlation between Q^ and Qy. 
Because the antihole in Q^ region is distributed over a much broader range than 
the hole, in Qy region the decrease in absorption is also more broadly distributed 
than the corresponding absorption increase, if there is positive correlation between 
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and Qy transitions. In polarized spectra, since the transition dipole moments 
for and Qy are orthogonal, holes in appear as antiholes in Qy and vice versa. 
In the polarized spectra, particularly at long burn times (Fig. 4, inset B), there is 
structure in the Qy region of the perpendicularly polarized difference spectrum. 
This structure appears as a region of no change in optical density surrounded by 
regions of decreased optical density, i.e., holes in Qy which correspond to antiholes 
in Qj.. As the bum wavelength is varied from low to high energy within the Q^ 
band, the Qy peak in the unpolarized spectrum also shifts from low to high energy 
as does the region of no change in optical density in the perpendicularly polarized 
spectra. The region of no OD change in Qy corresponds to the hole at (Og in Q^, 
homogeneously broadened by the short lifetime of this state, while the surrounding 
decreases in absorption are the Qy analog of the Q^ antiholes. These effects, as 
well as the tracking of the Qy peak in the unpolarized spectra with oog, are clear 
evidence of correlation between the Q^ and Qy site distributions. 
Such correlation between different electronic states is not common (21) and is 
remarkable for electronic transitions in which the the transition dipole moments 
are orthogonal to each other. The observation of site energy correlation indicates 
that the polarization induced in the solvent sphere about the TPP molecule by the 
transition dipoles for the two states is the same for any one molecule. 
Nevertheless, the width of the inhomogeneous site distribution (-300 cm"^) 
indicates that there is a large range of interactions between the TPP molecules and 
their associated solvent spheres. It should be noted that the gas-to-solid shifts of 
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the and Qy transition energies (-126 and ~550 cm~^, measured from the 
absorption maxima) are consistent with there being isotropic solvent interactions 
within the molecular xy plane. That is the ratio of the Qy to shift scales very 
nearly as ratio of their oscillator strengths squared, as expected by a model in 
which the solute-solvent interactions are considered isotropic (22). 
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CONCLUSIONS 
The theory proposed to simulate hole profiles for arbitrary strong electron-
phonon coupling in short bum time limit was extended to examine the hole profiles 
at arbitrary bum time. The shapes of real- and pseudo-PSBH in the hole burned 
spectra in amorphous solids strongly depend on burn time and bum wavelength. 
As the bum time increases, hole burning through the PSB becomes more 
important. At shorter wavelengths, the pseudo-PSBH dominates the real-PSBH. 
This results from the strong dependence of the hole burning selectivity on the bum 
frequency and bum time. 
The antihole spectmm was deconvolved firom the hole spectrum by using the 
simulated hole spectmm. From the deconvolved antihole profile, we concluded 
that NPHB of the antenna complex of PSI-200 predominantly creates sites whose 
zero-phonon transitions are shifted to higher energy relative to preburn sites. 
The first observation of the antihole of porphyrin in amorphous solids was 
presented. The antihole was polarized oppositely to the hole and distributed 
throughout the inhomogeneous absorption band. Vibronic frequencies and Franck-
Condon factors were measured. A positive correlation between the site 
distributions for and Qy was observed. 
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SECTION IL 
SPECTRAL DIFFUSION AND HOLE BURNING 
WITH CONSTANT FLUENCE 
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INTRODUCTION 
It is well known that the thermal and acoustic properties of guest molecules 
in amorphous solids at very low temperatures are remarkably different from those 
in crystalline solids (1). These anomalous properties have been at least 
qualitatively explained by Phillips (2) and Anderson et al. (3). Their model was 
based on tunneling of glassy bistable configurations which are often referred to as 
two level systems (TLS). Not only thermal and acoustic properties but also 
photophysical properties such as optical dephasing are anomalous in amorphous 
media. In the amorphous solids the optical dephasing is 10-100 times faster than 
in crystals and has a T^ (l<a<2) dependence on the temperature compared to aT^ 
dependence in crystals. 
A number of different techniques have been used to measure the electronic 
optical dephasing by extracting the homogeneous line shape from the 
inhomogeneously broadened line shape. Examples are picosecond photon echo (4-
8) and hole burning (9-20) which have been applied to both organic and inorganic 
systems. The temperature dependence of linewidth studied by PHB has most 
frequently shown a T®' (a=1.3) power law within the experimental error over an 
extended temperature range (0.3-20 K). Many organic systems, including free base 
porphyrin in various glasses (9-11), chlorin in polymethacrylate (PMMA) and 
polystyrene (10,12), dimethyl-s-tetrazine in PMMA (10) and quinizarin in ethanol-
methanol (3:1) (13) have been studied, etc. However, protonated phthalocyanin in 
concentrated sulfuric acid glasses (14) was an exception, showing a T® (a=1.8) 
power law. Temperature dependent NPHB data for cresyl violet perchlorate in 
ethanol and PMMA (11,15), resorufin in ethanol and PMMA (11), pentacene in 
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PMMA (16) and tetracene in glasses (17,18) also showed a T® (a=1.3) power law. 
Thus a T** (a=1.3) power law of the linewidth has been observed for a substantial 
number of organic systems regardless of the nature of the guest molecules (21). 
Furthermore, a extrapolation to lower temperature has yielded a lifetime 
limited value of the homogeneous linewidth for several systems (9,10,19). 
Agreement between the NPHB (11,16) and the photon echo data (4) showing 
a power law of linewidth for pentacene in PMMA has been achieved. Shortly 
before this, similar agreement was observed by Macfarlane and Shelby (20) in their 
study of the Pr^^/silicate glass system. 
On the other hand, Fayer and his group have reported that there are 
discrepancies in the optical linewidths as measured by NPHB as opposed to photon 
echo measurement (8,22,23). The homogeneous linewidths of resorufîn in ethanol 
glasses measured by NPHB, although showing a T°^ (a=1.3) dependence (in 
agreement with ref. 14), were four times broader than those measured by the 
photon echo method (8,22). For resorufin in glycerol glass (23) and cresyl violet in 
ethanol and deuterated ethanol (24), the low temperature optical linewidths 
obtained from NPHB were also eight times broader than those measured by the 
photon echo method. These workers attributed the discrepancies of the linewidths 
measured by the two different techniques to spectral diffusion because, while the 
photon echo is only sensitive to the homogeneous dephasing, the hole burning 
experiment is sensitive to both homogeneous dephasing and slow spectral 
diffusion. Since the two techniques operate on very different time scales (psec for 
photon echos and seconds to minutes for hole burning experiments), the holes can 
be broadened by slow dark ground state relaxation processes of TLSj^^. 
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More recently, in Ref. 25 Payer's group measured time dependent hole width 
for cresyl violet in ethanol in the time range from 100 msec to 3000 sec at 1.3 K. 
The hole width increased linearly by a factor of two on this time scale, changing 
most rapidly in the range around 20 sec. They interpreted the hole broadening as 
being due to the broad distribution of TLS relaxation rates in the glass. Shortly 
after this, they also performed a transient hole burning experiment for cresyl violet 
in deuterated ethanol in the 10 (isec to 50 msec time range at 1.3 K (26). They 
observed the hole width to increase logarithmically with time. 
However, in Refis. 16 and 19 Volker and her group attributed the above 
discrepancy to the sample preparation and burning and detection methods. For 
pentacene in PMMA (16) and resorufin in ethanol (19), they observed that hole 
widths measured in transmission are larger than those measured in fluorescence 
excitation because lower laser intensity can be used in fluorescence detection. 
Furthermore, they observed that holes probed by fluorescence excitation do not 
show any broadening by spectral diffusion over several hours, while holes observed 
in transmission show hole broadening with time (16,19). They suggested that 
when molecules are probed at the surface of the sample (as in fluorescence 
excitation), there is no spectral diffusion because they are in thermal contact with 
hquid heUum. However, in the bulk of the glass, (which has a poor thermal 
conductivity), which is pertinent to the transmission mode, they suggest that 
strain from a thermal gradient probably causes structural relaxation of the glass 
(19). They concluded that hole burning experiments, if properly designed, e.g., 
very shallow holes (^5% hole depth) burned with very low bum intensities and 
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probed with fluorescence detection, yield the correct optical dephasing times in 
glasses. 
Recently, in Ref. 27 Volker's group performed transient hole burning on free 
base porphyrin in polyethylene with 5 msec time resolution. They obtained the 
homogeneous linewidth by extrapolating to the zero burn intensity. The optical 
dephasing measured by the transient hole burning on a 5 msec time scale was 
identical to that obtained by PHB on a 100 sec time scale. Thus, again they 
concluded that the hole width is not influenced by spectral diffusion. 
Breinl et al. (28) have observed that the hole width of quinizarin in 
ethanol/methanol glass increases logarithmically in a time range between minutes 
and about 10^ min. They interpreted this result as due to spectral diffusion in 
amorphous solids. Meiler and Friedrich (29) observed similar trends for dimethyl-
s-tetrazine in ethanol/methanol glass and concluded that spectral difiusion 
processes are slow and occur on the experimental time scale. 
Rebane (30) has measured the evolution of the hole width of free base 
octaethylporphyrin in polystyrene at times from 10 psec to 3 sec. A considerable 
hole broadening was observed with the hole width varying from 0.004 cm"^ at 
t^=10 usee to 0.03 cm"^ at t^=3 sec, where t^ is the time difference between the 
bum and the probe. Gorokhovskii and Rebane (31) have observed that for H2-
tetra-4-tert-butylphthalocyanine in alcohol glass, spectral diffusion occurs on 10® 
sec or longer time range but not in a time range from 10 msec to 100 sec. 
Recently, Nakatsuka et al. (32) have measured the time evolution of the hole 
of l,3,3,l',3',3'-hexamethyl-2,2'-indotricarbocyanine iodide in polyvinyl alcohol in 
the time range of from 10 msec to 5000 sec after burning. Although there was a 
101 
considerable decrease of the hole depth from 10 msec to 5000 sec, the hole width 
did not change appreciably. However, the hole width measured in transmission 
was about three times broader than the homogeneous width measured by photon 
echo. Thus, the hole apparently broadens by a factor of three between 5 nsec and 
10 msec, possibly due to spectral diffusion. Hole broadening from 10 msec to 5000 
sec was negligible. 
Although many different authors have indicated that spectral diffusion does 
affect the time dependence of the hole width, the question is still controversial and 
unresolved. 
As discussed in the general introduction of this dissertation, there is a 
distribution of the tunnel parameter X with average value Xq and varience Og, 
resulting in a distribution of TLS relaxation rates (R = Og exp(-2X)) (33,34). Ag is 
defined by the type of the experiment, i.e., spontaneous hole filling or hole growth. 
For spectral diffusion one has to consider the number of TLS states which relax 
into the thermal equilibrium in a time from t^j^ (= l/Rm^y) to t where is 
the maximum rate corresponding to the fastest relaxation processes and t is the 
obervation time (35). Similar arguments have been used to explain the time 
dependent specific heat data (1,35). Therefore, the same time dependence for both 
specific heat and spectral diffusion is expected if the same TLS ensemble 
determines the thermodynamic and the optical relaxation processes. Knaak et al. 
(36) and Loponen (37) have measured the time dependence of the heat capacity of 
vitreous silica between 0.35 and 1.6 K on a time scale from 2 |isec to 0.5 msec. 
They observed that specific heat increases nearly logarithmically with time for 
measurement times of the order of 10 psec and that the time dependence becomes 
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more complex at longer times. Jankowiak et al. (38) calculated time-dependent 
specific heat considering the contributions from both weakly coupled (internal) and 
strongly coupled (external) tunneling states. Their calculation is consistent with 
experimental data of refs. 36 and 37. 
The primary goal of this section of this dissertation was the study of optical 
dephasing as a function of the time. From the above mentioned time dependent 
specific heat data (36-38), it was expected that there may be large hole width 
change in the 1 psec to 1 msec range. Spectral diffusion would affect the hole 
width but not hole area. With this in mind, an experiment was designed and 
tested. Unfortunately, this experiment has not yet yielded the desired information. 
Possible reasons for this are discussed and future spectral diSusion experiments 
are suggested in the second part of this section. 
Using the same experimental apparatus with small modification, hole 
burning experiments were performed to investigate the bum intensity dependence 
of the hole at fixed bum fluence. These results are relevant to understanding the 
difficulties involved in hole burning on a psec time scale. The results are discussed 
in terms of kinetic models and the hole broadening mechanism. 
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EXPERIMENTAL METHODS 
Sample Preparation 
The sample used in this study was oxazine 720 perchlorate (0x720) in a 
hydrogen bonding polymer, polyvinyl alcohol (PVOH). 0x720 (C2iH22ClNgOg) 
was purchased from Exciton Chemical Company and used without further 
purification. PVOH with an average molecular weight of 14,000 was purchased 
from Aldrich Chemicals. PVOH was dissolved in distilled hot water until a syrupy 
solution was attained. Because Oxazine 720 has very large extinction coefficient 
(9.2 X 10^ liter mole"^ cm"^, the dye was added to polymer solution in small 
increments until the desired concentration was approximately obtained. The well-
mixed solution was poured onto a glass plate (3" x 1") to a liquid thickness of 2~3 
mm. The samples were allowed to air dry for 2~3 days. Sections of polymer with 
clear surface and uniform color were selected and used as samples. This procedure 
is basically the same as that used in ref. 39. 
Cryogenic Equipment 
The polymer samples were mounted between two brass plates which allowed 
for thermal conduction and optical access to the sample. The samples were cooled 
to 4.2 K in a Janis model 8-DT Super Vari-Temp liquid helium cryostat. Lower 
sample temperatures (down to 1.6 K) were obtained by reducing the vapor pressure 
above the liquid helium by pumping. The sample temperature was measured 
using a calibrated (1.4 K to 300 K) silicon diode thermometer (Lake Shore 
Cryogenic model DT-500K) with a cryogenic temperature controller (Lake Shore 
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Cryogenic model DTC-500). All the experiments described in this section were 
performed at 1.6 K 
Lasers 
Hole burning experiments were performed using an actively stabilized single 
frequency ring dye laser (Coherent model CR-699-21) pumped by a 6 W cw argon 
ion laser (Coherent model Innova 90-5). The Argon ion laser has a linewidth of 10 
GHz and the ring dye laser has a linewidth ^1 MHz. In the ring dye laser, a vertex 
mounted Brewster angle plate is used to vary the effective cavity length and 
therefore single frequency scans of up to 30 GHz could be made. 
The laser dye used was DCM (Exciton). 
To increase the ring dye laser output energy, the frequency doubled output of 
a Q-swiched Nd:YAG laser (Quantel model 480) was used to pump a two stage 
amplifier. The Nd:YAG laser has 15 nsec pulse duration and ~4 cm"^ bandwidth. 
Apparatus 
Figure 1 shows the configuration of the apparatus used for the hole burning 
studies with variable burn intensity at fixed bum fluence. The solid lines indicate 
the optical path and dotted lines, the electrical signal path. The ring dye laser was 
used for both hole burning and reading. Depending on the power levels required in 
the experiment either leg 1 or leg 2 was used. 
The configurations of leg 1 will be discussed first. Using beam splitter BMS2, 
a part of the ring dye laser output was diverted into a confocal spectrum analyzer, 
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Figure 1. Experimental apparatus used to study burn power dependent hole 
depth with constant fluence. M; mirror, BMS; beam splitter, A; 
attenuator, L;lens, S; shutter, C; chopper, PH; pinhole, BOM; 
electro-optic modulator, PMT; photomultiplier tube, LIA; lock-in 
amplifier, Integ;integrator. Dye amplifier part is described in 
detail in Fig. 2 
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SA (Spectra-Physics model 470-04, free spectral range = 8 GHz) to monitor the 
laser frequency stability. The output of the spectrum analyzer was amplified and 
displayed on an oscilloscope. The laser wavelength was determined by splitting 
the beam into a 1 / 3 meter monochromator (McPherson model 218) by using 
BMS3. The laser intensities were adjusted to appropriate values for hole burning 
and reading using a variable attenuator (NEC model 925B) and neutral density 
filter Aj. In order to measure the intensity after attenuation, part of the 
attenuated beam was split by BMS4, modulated by mechanical chopper (PAR 
model 125) and monitored using a photodiode detector PD (Molectron model LP-
141) and lock-in amplifier. Sample irradiation times were controlled using shutter 
8^ (Uniblitz model 12X with a Uniblitz model SD-1000 shutter drive / timer), 
capable of producing exposure time from 900 psec upwards. Two lenses, and Lg 
were located before and after the shutter to minimize the rise and fall time of the 
shutter opening and to coUimate the laser beam. The laser beam then enters a 
double beam apparatus (40,41) by a mirror M. 
After reaching the double beam apparatus, the laser beam is split into 
reference and sample beams by BMSg. Both reference and sample beam paths 
contain identical optics but are modulated at different frequencies using 
mechanical choppers Cg and C3 (Laser Precision CTX-534). Attenuator A3 (NRC 
model 935-3) was used in the reference beam to match the light intensity loss on 
the sample beam caused by scattering from the sample and cryostat windows. 
Each beam was focused and recollimated using lenses. The sample in the cryostat 
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is located near the focal point of Ly. The beam diameter at the sample could be 
adjusted using a translational stage to vary the position of Ly. The beam diameter 
was Umited by a pinhole on the sample. Sample and reference beams are 
recombined and focused into a photomultipUer tube PMT (EMI 9558QB in a 
Product For Research TE-104-RF thermoelectrically cooled housing). 
The output of PMT was sent to each of two lock-in amplifiers (Ithaco model 
97EO) referenced to the two mechanical choppers C2 and C3. An integrator / 
coupler (Ithaco model 385EO-2) was used to digitize and integrate the analog 
signal (at 60 Hz). The output of the integrator / coupler was sent to a 
microcomputer (Digital Equipment Corporation Micro PDP-11 / 23+ with RTll 
operating system), which calculates and stores the sample absorbance data. This 
computer also provides -5 V to +5 V dc voltages that scan the ring dye laser 
externally. With this apparatus, the burn and probe beams have identical paths. 
Burning is accomplished by disabling Cg after setting the appropriate laser power. 
In order to provide ~15 nsec bum pulses with narrow linewidth (^1 MHz) and 
hig^ peak powers (^1 W), the output of the ring dye laser was amplified and then 
passed through two electro-optic modulators (EOMs) in series in leg 2 of Fig. 1. In 
order to monitor the beam quality and wavelength, leg 1 in Fig. 1 was also used 
with 8^ closed and with a quartz plate for BMS^. Figure 2 shows a schematic of 
leg 2 in detail. For the dye amplification stages, the frequency doubled output of a 
Q-switched Nd;YAG laser (Quantel model 480) was used to pump a system that 
108 
amplifies the output of cw ring dye laser. The basic design is similar to that of 
Drell and Chu (42) but with two (not three) amplification stages. 
Concentrations of approximately 10'^ M of DCM proved appropriate for the 
transversely pumped dye cells. The lenses (10 cm focal length) obtained from 
Newport Corporation were antireflection coated. The ring dye laser had to be 
optically isolated from the amplifier system since the intense back reflection from 
the first amplification stage to the ring dye laser could disturb its frequency 
locking mechanism. Two irises were placed between the ring dye laser and first 
amplification stage for this reason. Two flowing dye cells (NSG Precision Cells 
model T-3FL) were tilted with respect to the cw laser beam to minimize back 
scattering to the laser reference cavity. Also, some of the lenses were tilted in the 
same manner for the same reason. Separate dye reservoirs and pumps were used 
for each stage, but the dye concentrations were equal. A filter between the dye cell 
and reservoir eliminated air bubbles in the flow. 
The two amplification stages are very similar and are described below. To 
focus the ring dye laser beam (-200 mW) into the dye cell and recollimate the beam 
behind it, two 10 cm lenses were used with the dye cell at the common focal point. 
A 10 cm cylindrical lens was used to focus a part (~4%) of the output of the Nd:YAG 
laser into the first dye cell. For efficient amplification, the output of the ring dye 
laser and Nd:YAG laser had to be maximally overlapped by rotating the cylindrical 
lens about the axis of propagation of the Nd:YAG laser. To minimize the 
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Figure 2. Dye amplification stages used in this experiment. I; iris, L; lens, 
PH; pinhole, M; mirror, P; polarizer, PC; pockel cell, A; attenuator, 
S; shutter 
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background, spontaneous emission after the first amplification stage was spatially 
filtered. This was achieved using a prism and spatial filter comprised of two 10 cm 
achromatic lenses (separation ~20 cm) with a 100 |im pinhole at the common focal 
point. The second amplification stage is identical to the first, except that the dye 
laser beam is focussed in firont of the dye cell in order to use a larger volume for 
amplification. The remaining part (-96%) of the output of the Nd:YAG laser was 
used to pump the second stage. The gains were -200 and -10 at the first and 
second amplification stages, respectively. 
Because of space limitation of the opticEtl table, the amplified beam built on 
top of the cw laser beam was first modulated by the EOM and then spatially 
filtered. The output of the second amplifier was a 15 nsec pulse built on the 
unamplified cw output of the ring laser. The unamplified part of the output firom 
the second stage, which had -tens of mW of power and could bum holes easily, had 
to be temporally filtered. The shortest exposure time of commercially available 
mechanical shutters was -0.9 msec, was too long for this experiment. Therefore, a 
series of two EOMs (two Lasermetrics model 1071FW controlled by a Lasermetrics 
model 8612C high voltage pulse generator) were introduced in the beam path for 
providing the shutter action. The EOMs consist of three polarizers and two 
crystals. Input polarizer, P^, and second analyzing polarizer, P^, were aligned 
with the polarization parallel to the EOM crystal x (or y) axis, which was parallel 
to the polarization of the incoming laser beam. The first analyzing polarizer, Pj,, 
was rotated by 90*. This combination produces an intensity minimum with no 
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voltage applied to crystals. When a halfwave voltage (~9 KV) is applied, the 
transmitted intensity becomes maximum. Two EOMs were used instead of one to 
get a higher extinction ratio. The Lasermetrics model 1071FW BOM has a 
specified extinction ratio of 800:1, which means that the minimum output (^O.l 
mW) of one BOM could still bum a hole. With a series of two BOMs, an extinction 
ratio of greater than 10^ was obtained. The rise time of the output from the BOMs 
was ^ 1 nsec and the output pulse width was 100 or 300 nsec. The output from the 
BOMs was spatially filtered using irises and a pinhole. Bum intensity was 
controlled using a variable attenuator (NRG model 925B) and neutral density 
filters, Â2. An energy meter was used to measure the pulse energy from the 
BOMs. Although the BOMs had a high contrast ratio, there was still leakage of 
light from the EOMs with no voltages applied. This leakage was used to probe 
holes as it had high enough intensity for hole reading and the same beam path as 
the bum pulse did. The number of bum pulses was controlled using a shutter S2 
(Uniblitz model 26L with Uniblitz model SD-122B shutter drive control), capable of 
producing exposure time from 1 msec to longer times. The laser beam was then 
sent to the double beam configuration, which was discussed above. 
The opening time of the two EOMs results in a temporal window of 300 nsec. 
For the amplified pulse to always be contained in this time window, the triggering 
of the EOMs must be synchronized with the triggering of the Nd:YAG laser. A 5 
MHz waveform generator (Wavetek model 184) was used as a source for providing 
the triggering pulses. The NdiYAG laser was triggered externally using a pulse 
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from the waveform generator. The synchronising output from the Nd:YAG laser 
was then used to trigger the EOMs since this pulse precedes the Nd:YAG laser 
output pulse by 180 nsec. A home made delay generator was used to introduce a 
delay between the synchronizing pulse and the shutter control unit of Sg in order 
to precisely control the number of bum pulses. In this way, the amplified part of 
the dye laser output will always pass through the EOMs and Sg. The opening time 
of Sg was 1 msec. 
Figure 3 shows the development of the beam intensity as it passes through 
the optical elements in the beam path. As shown in Fig. 3-(a), the beam intensity 
just before the dye amplifiers is constant but after the amplifiers a 15 nsec light 
pulse is built on top of the dc level (Fig. 3-(b)). Only the amplified part of the beam 
had higher intensity (15 nsec width) while the intensity of the unamplified part of 
the beam was unchanged. The beam intensity profile after the EOMs is shown in 
Fig. 3-(c) and consists of 15 nsec pulse built on the top of the 300 nsec pulse. 
Because of the high contrast ratio of EOMs, the dc level is suppressed to zero 
except during 300 nsec open time. 
In the same manner as for hole burning with weak to moderate bum 
intensities, chopper Cg was turned off while burning a hole. While reading holes, 
the Nd:YAG laser and EOMs were not triggered and shutter Sg stayed open. 
For the spectral difiusion experiment, the experimental set-up was slightly 
modified. First, only one pulse is extracted for hole burning and also one for 
probing. For hole burning with moderate burn intensities 96% of the output of 
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Figure 3. Beam shapes at each stage, (a) There is only dc light just after the 
ring dye laser, (b) After the second amplifier, 15 nsec high 
intensity light builds on top of the dc light, (c) After the EOMs, the 
dc light has a 300 nsec pulse width. Therefore, the 15 nsec pulse is 
superimposed on top of the 300 nsec pulse 
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the ring dye laser was extracted using BMS^ and pulsed by the EOMs to limit 
pulse widths to 100 nsec or 300 nsec. The amplification stage is used for high peak 
bum intensities. In the double beam configuration, the bum beam from leg 2 does 
not have same beam path as the probe beam, rather, the beams cross each other at 
the sample position. The bum beam after the sample was blocked. However, the 
intensity of the burn beam in this experiment is at least 5 orders of magnitude 
larger than that of the probe beam, hence the scattered li^t firom the bum beam 
interferes with the signal of interest. This interference was overcome using 
polarizers. The polarization direction of the bum beam is determined by Pg of the 
EOMs in leg 2. However, in order to ensure a h^her degree of polarization, a 
second polarizer (same polarization direction as Pg) was located between lens Lg 
and M]^. A polarization rotator (45* to the polarization direction of the Pg) was 
inserted into leg 1 between Lg and Mg. Then another polarizer (90* to the burn 
beam and 45* to the probe beam) is inserted between Lg and BMSg. Thus the 
scattered bum beam is prevented firom entering the PMT while the probe beam 
does. The signal from the PMT is directly sent to a digital oscilloscope (LeCroy 
model 9600A) triggered by the same waveform generator which controls the 
Nd:YAG laser and 82- For the spectral diffusion experiment, the probe beam 
provided by leg 1 must be synchronized with bum beam. This is achieved by 
having Sj controlled by the same delay generator as 82- The resulting time 
relationship between the bum and probe beam is shown in the Fig. 4. The probe 
beam has a 3 msec opening time and the bum beam reaches the sample 1 msec 
115 
after the opening of the 8^. In this way, the transmission of the sample can be 
detected between 1 msec before and 2 msec after the bum. 
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(b) Probe Beam 
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Figure 4. Time relationship between the burn and probe beam. 1 msec after 
the probe beam reaches the sample, the burn beam irradiates the 
sample. The probe beam irradiates the sample for 3 msec 
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RESULTS AND DISCUSSION 
Figure 5 shows the difference hole burned spectra of 0x720 in PVOH at 1.6 K 
for Xg=646 nm. Each hole was burned with the cw laser and a constant iluence of 
2.2 mJ/cm^ but with different bum intensities. Bum intensities used were (a) 2.2 
W/cm^, (b) 220 mW/cm^, (c) 22 mW/cm^, (d) 2.2 mW/cm^, (e) 220 pW/cm^ and (f) 
22 |xW/cm^, respectively. Althou^ the bum fluence is kept constant, both hole 
depth and hole area are not conserved. The hole depth clearly increases as the 
bum time increases over several decades while the hole width slowly increases 
with bum time. Significent hole broadening is particularly evident in (a). 
The relative hole depths (as percent change in optical density) represented in 
Fig. 5 are plotted as a function of burn time in Fig. 6. The data points plotted as 
X'B (curve (a)) correspond to a constant bum fluence of 2.2 mJ/cm^ at the sample. 
The hole depths were proportional to the log of bum time for the bum times used. 
This trend continues even as the bum intensities were decreased by 5 orders of 
magnitude. Moemer (43) and Romagnoli et al. (44) have observed similar trends, 
hole depth burned with constant fluence decreased for burn times between 10 msec 
and 100 psec, for free base phthalocyanine in a polyethylene film. They 
interpreted this as a hole burning bottleneck due to population build up in the 
triplet state. Walsh and Fayer (45) also reported the results of constant fluence 
hole burning experiments for pentacene in benzoic acid and analyzed the results in 
terms of a rate equation model showing hole burning originates from the S^ state. 
The data represented by open circles (curve (b)) in Fig. 6 correspond to a constant 
bum fluence of 22 mJ/cm^ at the sample. It should be noted that the two data sets 
fall on the same curve although the bum fluences differed by an order of 
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Figure 5. The difference hole burned spectra of 0x720 in PVOH at 1.6 K for 
Xg=645 nm. Bum fluence was 2.2 mJ/cm^ for every hole. Burn 
intensities used were (a) 2.2 W/cm^, (b) 220 mW/cm^, (c) 22 
mW/cm^, (d) 2.2 mW/cm^, (e) 220 |iW/cm^ and (f) 22 pW/cm^, 
respectively 
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Figure 6. Relative hole depth as a function of the burn time. Burn fluence is 
2.2 mJ/cm^ for (a) and 22 mJ/cm^ for (b) and (c). (a) and (b) were 
burned with cw light and (c) were burned with 15 nsec pulses 
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magnitude. The data for holes burnt with the same fluence, 22 mJ/cm^, but higher 
peak intensities is plotted as #, a and * (curve (c) in Fig. 6) corresponding to 84000 
(#), 8400 (a) and 840 (*) W/cm^, respectively. Amplified bum pulses were used to 
obtain these data and the number of burn pulses were controlled to give the same 
bum fluence. These 3 points also show a hole depth proportional to the log of bum 
time. However when compared to the holes (open circles) burnt with cw light at 
the same fluence, there is a discontinuity between the data sets. The solid lines in 
(a), (b) and (c) are linear connections between the points in each set. 
The rest of this subsection deals with the following questions: [1] Why is 
there a slope present in the constant fluence curve (the plot of relative hole depth 
versus log of bum time for constant bum fluence) and what determines the 
magnitude of the slope? [2] What does the position of the slope mean in the 
constant fluence curve? [3] Why is there a discontinuity between the curve (b) and 
(c) in the Fig. 6 while the bum fluences are same for both? In order to answer 
these questions, simple rate equation models were considered and tested. In this 
dissertation two of those models are presented and discussed. 
Model 1 
This model assumes a three-level system, as shown in Fig. 7-(a). A similar 
model has been used by others to determine the required photophysical properties 
for a frequency-domain optical storage system based on hole burning (46) or to And 
the relaxation rates of nonradiating levels of guest molecules (47). An absorbed 
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photon excites the system from the ground state 10) to the first excited singlet state 
11). There are then these possibilities: decay back to the ground state by 
stimulated emission with rate Pa, or by spontaneous emission with decay rate k^, 
or hole burning to the product state 12) with rate constant k2. Here P is the photon 
flux and a is the absorption cross section. For this model, the differential changes 
of the ground-, excited- and product state populations with time are 
dNg/dt = Po(Ni-No) + kjNi (1) 
dNj/dt = -Po(Ni-No) - (ki+k2)Ni (2) 
dN2/dt = k2Ni (3), 
where Nq, and N2 are the fractional occupations of levels 10), 11) and 12). The 
solutions to equations (1), (2) and (3) for the initial conditions Nq(0)=1 and 
Nj(0)=N2(0)=0 are: 
NQ(t) = exp(-Pak2t/(2Pa+k^) - N^(t) (4) 
Nj(t) = [exp(-Pok2t/(2Pa+kj)) - exp(-(2Pa+kj)t)] Pa/(2Pa+kj) (5) 
N2(t) = k2 [-{exp(-Pok2t /(2Po+kj)))/k2 + 
|exp(-(2Po+ki)t))Pa/(2Po+ki)2 +l/k2 - Pa/(2Pa+ki)2] (6) 
where the approximation k2«k^ has been made. The hole burning quantum 
efficiency is given by (jijjg = k2 / (kj+k2). With the approximation k2«kj, k2 ~ 
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Figure 7. Hole burning kinetic models. 
(a) Three-level system consists of the ground state 10), excited 
electronic state 11) and hole state 12). Hole is produced from 11). 
(b) Four-level system consists of the ground 10), excited 11), triplet 
state 12) and hole state 13). Hole is produced from 11) 
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(jjjjB ^1- After burning a hole for a time, tg, the hole depth is H = N2(tg) + (|)jjg 
Ni(tQ). Here the contribution from the second term is negligible since 
(10"^~10*®) «1. Therefore, the hole depth H is given by 
H ~ N2(tg) ~ 1 - exp(-Pokj(t)jjgtg/(2Po+kj)) (7) 
because Pa/(2Po+k]^)^ « 1. As this is the simplest model used, it will be discussed 
in detail to illustrate qualitatively how the hole depth depends on bum intensity at 
constant burn fluence. 
Figure 8 shows calculated hole growth curves (percent hole depth versus log 
of bum time at a given bum intensify) using Eq. (6) with the inclusion of 
dispersive kinetics. The effect of the Huang-Rhys factor was not considered in this 
model calculation. The burn intensities used were (a) 120000 W/cm^, (b) 1200 
W/cm^, (c) 320 mW/cm^, (d) 320 |xW/cm^ and (e) 3.8 nW/cm^, respectively. The 
other parameters are given in the Ggure caption. The shapes of the curves are aU 
the same but are displaced in time as the bum intensity is varied. The hole growth 
curves with the two highest bum intensities ((a) and (b)), however, are identical 
even though there is a 2 order of magnitude difference in the bum intensities. For 
these two curves, the stimulated emission rate, Pa, is 1.4*10^^ s"^ and 1.4*10^^ 
s'^, respectively, which are much larger than kj. For the hole growth curves (c),(d) 
and (e), the hole depths are identical for the same bum fluence. These 
observations can be explained using Eq. (7). When Po )) k^, as is the case for (a) 
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and (b) in Fig. 8, the hole depth is H ~ 1 - exp(-k2^ggtg/2). Therefore, when Pa )) 
k^, the hole depth will be independent of bum intensity and will be determined 
only by the bum time. Thus as in Fig. 8, the hole growth curves will be coincident 
regardless of the bum power, when Pa))k2. This explains the reason why there is 
a slope present in the constant fluence curve. For Po«k]_, as is the case for (c), (d), 
and (e), the hole depth H ~ 1 - exp(-Pa(t)|£gtg). Thus as the burn intensity changes, 
the hole growth curve shifts but the same hole depths are expected when the burn 
fluences are the same. This is often observed in hole growth experiments (48). 
Other hole growth kinetic models also predict that constant hole depth will result 
when burn fluences are equal (49,50). 
Figure 9 shows the constant fluence curves calculated using Eq. (7) for k^ 
variation (Fig. 9-(A)), for i|)gg variation (Fig. 9-(B)) and for bum fluence variation 
(Fig. 9-(C)). It is clear from Eq. (7) that for different values of and k^, the 
constant fluence curves will shift along the time axis in a manner dependent on 
their values. From Fig. 8 and Eq. (7), it is expected when Ptg )) (o(|)j£b)"^, the 
constant fluence curve for a given system will be identical regardless of fluence and 
have maximum 100% hole depth at low burn intensities. However, when Ptg « 
(a(t)HB^'^> the maximum hole depth will be smaller than 100% depending on the 
bum fluence but the slope onsets at the same position. This is shown in Fig. 9-(C). 
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Figure 8. Calculated hole growth curves with different bum intensities. The 
curves are calculated for model 1. Dispersive kinetics are 
accounted for: average value of the tunnel parameter A^=7.6, width 
of the distribution O2=1.0 and £2q=10^^ s'^, where ÎÎq is defined by 
the TLS relaxation rate e3q>(-2^). Parameter used were 
used was k]^=3.7*10® s'^ and o=4*10"^^ cm^. The bum intensities 
used were (a) 120000 W/cm^, (b) 1200 W/cm^, (c) 320 mW/cm^, (d) 
320 nW/cm^, and (e) 3.8 nW/cm^ 
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Figure 9. Relative hole depth as a function of time (for constant fluence) in 
the logarithmic time scale for different values (A); i|igg (B); and 
for different burn fluences (C). The curves are calculated for model 
1. (A) For <|)jjg equal to 0.0001, burn fluence equal to 0.001 W/cm^, 
kj equals to (a) 10^®, (b) 10® and (c) 10® s"^, respectively. (B) 
kj=10® s"^, burn fluence equal to 0.001 W/cm^, equals to (a) 
0.01 and (b) 0.0001. (C) kj=10® s"^, (|)jjg=0.0001, bum fluence 
equals to (a) 1.0 J/cm^, (b) 10 mJ/cm^, (c) 100 pJ/cm^ and (d) 10 
(iJ/cm^, respectively 
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Model 2 
This model assumes a four-level system, as shown in Fig. 7-(b). Here the hole 
is again produced from the first excited singlet state, but decay into a metastable 
(triplet) state is also included. An absorbed photon excites the system from the 
ground state 10) to the first excited state 11). The state 11) can decay to the 
metastable triplet state 12) with decay rate, k2, and then back to the ground state 
with decay rate, kg, or can decay to the product state 13) with decay rate, k^. Or 
state 11) may also return to the ground state through stimulated emission with 
rate of Po or through spontaneous emission with a rate of k^. The hole burning 
quantum yield is expressed as =k^/ (k^+kg+k^) and triplet quantum yield as 
^ = kg / (kj+kg+k^). Under the approximation of kj»k2 and kj»k4, k^ is 
expressed as k4~<t)jjgkj and kg as k2~<l)Tki. 
The rate equations are as follows: 
dNo/dt = -PoNQ + (Po+ki)Ni + kgNg (8) 
dNj/dt = PoNq - (Pa+kj+k2+k4)Nj (9) 
dN2/dt = k2Ni-k3N2 (10) 
dNg/dtzzk^Ni (11), 
where Nq, N^, N2 and Ng are the fractional occupations of levels 10), 11), 12) and 
13). Here the initial conditions are Nq(0)=1 and Nj(0)=N2(0)=N3(0)=0. In this 
system, the triplet state, 12), serves as a population bottleneck. Similar models 
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have been presented by de Vries and Wiersma (51) to find Tg, the dephasing time, 
in the steady state approximation and by Walsh and Fayer (45) to explain the hole 
depth dependence on the burning time at constant fluence. The time dependent 
solution of these equations is obtained using the Laplace transform technique and 
theory of partial fractions. In applying this technique, the roots of the third order 
equation were calculated using Cardan's formular (54). Because the solutions of 
the third order equation are not obtained in analytic form, this model is not 
analysed in detail here. However, the model calculations (not shown) show trends 
similar to model 1 when ^1' ^2> intensity and bum fluence are varied. 
In addition to these two models, a third model in which the persistent hole 
burning occurs from the triplet state instead of singlet was considered. This model 
shows results similar to model 2 but the saturation of the first excited state does 
not effect the hole burning. A similar model has been analyzed by RomagnoU et al. 
(49). In their model it was assumed that direct decay from the excited state to the 
ground state is negligible and the triplet quantum yield is 1. However for the 
present experimental system, stimulated and spontaneous emission can not be 
neglected because of the relatively small triplet quantum yield of 0x720 and the 
high bum intensities used here. Therefore this model was not considered in 
analyzing the experimental data. Julmukhambetov and Osadlco (53) and 
Gorokhovskii and Kikas (54) have reported a more complicated model which 
includes hole burning from every possible level to analyze the effect of the intensity 
of the burning Ught on the kinetics and shape of the holes. The theories are 
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restricted by the intensity of a cw source at which stimulated transitions are less 
probable than spontaneous transitions. 
It is known that the measured fluorescent decay constant from the first 
excited state singlet state of Oxazine 720 is 3.7*10® s'^ (55), the absorption cross 
section is 4*10"^^ cm^, the Huang-Rhys factor is 0.45 and the average hole 
burning quantum efficiency is 0.005 (48). The triplet quantum yield and triplet 
state lifetime of0x720 are not known. However, it is known that the triplet 
quantum yield of cresyl violet and nile blue in ethanol at room temperature are 
both 0.04±0.02 (56). Because of their structural similarities to 0x720, it is 
assumed that the triplet quantum yield of 0x720 in PVOH is also ~0.04. Therefore 
kj'-(l-(|)ip-(|)jjg)K~3.55*10® s"^ and k2-(|)Tki~1.5*10^ s"^. The only unknown 
parameter is the lifetime of the triplet state 12). 
The constant fluence (2.2 mJ/cm^) curves calculated with above parameters 
are shown in Fig. 10. It is assumed that cw li^t is used to burn holes. The effect 
of the Huang-Rhys factor was included. The constant fluence curves (a) and (b) 
were calculated to compare with the experimental curve (c) using the models 1 and 
2, repectively. The dispersive kinetics were not included in these calculations 
because computation time required was prohibitive. Curve (a) in Fig. 10 is shifted 
far to the left compared with (c). In model 1, there is no parameter that could be 
varied to make the curve shift to the right. Thus it seems this model is too simple 
to explain the observed experimental data. Curve (b) in Fig. 10 consists of 3 
plateaus, one at very high bum intensity (very short bum time), one at moderate 
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Figure 10. Constant fluence curves. The constant fluence curves (a) and (b) 
were calculated for comparison with the experimental curve (c) 
using the models 1 and 2 in Fig. 7, respectively. Parameters used 
were Bum fluence 2.2 mJ/cm^, kj = 3.7*10® s"^, (l)jjg=0.005, 
(t)ip=0.04 and o=4*10'^^ cm^. The triplet lifetime 10 msec was 
obtained from the fit 
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bum intensity and one at low burn intensity (long bum time). The plateau in the 
very short burn time ranges (tg < 1/K, where K = (k2+k2+k^)) results from the 
saturation of the excited state. After a time 1/K, the excited state starts relaxing 
to either of the triplet state or hole state. For tg longer than 1/K, the hole and 
triplet state populations begin to build-up. The plateau at the middle results from 
the saturation of the triplet state and the ratio of the hole depth to the triplet state 
population at the end of the burning is governed by the ^ this region. 
Although (t)ip~0.04, the bottleneck effect is very large when the bum intensity is 
large. The duration of the second plateau depends most strongly on the relative 
lifetime of the states, 11) and 12). As the burn intensities get weaker, the triplet 
build-up is smaller. Thus the probability of burning a hole is larger until finally a 
100% hole results. This is the reason for the third plateau. 
As far as the position of the curves is concemed, model 2 is consistent with 
the experimental data (c) if a triplet lifetime of 10 msec is used. Littau and Fayer 
(27) reported lifetimes for the individual triplet sublevels of cresyl violet in 
deuterated ethanol which were 80 usee, 1.5 msec and 60 msec with relative 
populations of 4:2:5. In the hole burning experiment, the triplet state with longest 
lifetime (e.g., 60 msec for cresyl violet) should dominate the bottleneck effect. 
Therefore the value of the triplet state lifetime of the 0x720 in PVOH, used in the 
calculations does not seem to be unreasonable given the similarity of the chemical 
structures of 0x720 and cresyl violet. 
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From Fig. 10, it is seen that slope of the experimental constant fluence curve 
(c) is very small relative to the calculated slope. This difference in the slopes may 
be explained by considering dispersive kinetics (48,49). Because there is a 
distribution of the TLS relaxation rates, the hole burning rate also has a 
distribution. This will result in the hole growth starting earlier and lasting longer 
than in the nondispersive case. As the distribution of the relaxation rate becomes 
larger, the slope of the constant fluence curve wiU be smaller. In ref.(48), the 
dispersive kinetic parameters for 0x720 in PVOH were obtained. The parameters 
were Xq=7.6 (average of the tunnel parameter \), O2=1.0 (width of the distribution 
of X) and Og =10*10^^ s'^ where the £2q is defined by TLS relaxation rate R = Og 
exp(-2X,) (48,49). 
Another explanation of the differences in the slopes is the hole saturation 
broadening. As the hole gets deeper, hole burning through ZPL becomes saturated 
and molecules which absorb light through the tail of their ZPL start to bum. This 
results in broadening of the hole and slowing down of the hole growth rates. In 
Fig. 5, it is shown that the hole width (except (a)) slowly increases as hole depth 
becomes larger. However, this effect was not included in the calculations. Thus 
hole saturation broadening may partly explain the differences between the 
experimental and calculated slopes. 
When a hole is burnt with high intensity, the hole can be broadened by 
several mechanisms: thermal broadening by local heating, power broadening and 
broadening by population of the bottleneck triplet state. However, these types of 
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hole broadening would make the differences in slopes larger because normally 
these effects are accompanied by reduction of hole depth at short burn times (high 
bum intensity) on the constant fluence curves. In Fig. 5, it is shown that the hole 
burned with 2.2 W/cm^ is broader than the hole burned with 220 mW/cm^ while 
the hole depth is smaller. This clearly indicates that bum intensity of 2.2 W/cm^ 
results in significant hole broadening by one or a combination of these 
mechanisms. These hole broadening processes are Airther discussed below. 
With typical power levels on the order of ~mW focussed in small spots, large 
temperature increases can occur, depending on the thermal conductivity of the 
medium. If it is assumed that the specific heat, density and thermal conductivity 
of PVOH is similar to polyethylene, then the the final temperature of the sample 
irradiated with 84,000 W/cm^ for 15 nsec is expected to be -6 K according to 
Schellenberg's calculations (57). Here it is assumed that 90% of the absorbed 
energy is radiated by the fluorescence, the OD of the sample is 0.7 and initial 
temperature was 1.6K. From a T® (oc=1.3) power law it is expected that the hole 
will be broadened by about a factor of 6 due to local heating. From the magnitude 
of broadening observed, it is concluded that thermal broadening is negligible for 
hole burning with the cw laser intensities used in this experiment. 
Hole broadening due to power broadening and to triplet state population 
becomes significant as burn intensities become larger. When the bum intensity is 
84,000 W/cm^ (the highest intensity used in this experiment), the corresponding 
Rabi frequency (%=pEQ/K) is -30 GHz. Here is the electric transition dipole 
134 
moment and Eq is the magnitude of the electric field. 1/% is considered as the 
characteristic time of the coupling between the molecule and. the field. For a three-
level system such as model 2 in Fig. 7 without a persistent hole state (level 13)), the 
full width at half maximum (FWHM) of a hole due to population bottleneck hole 
burning would depend on the light intensity (51) as 
Thole = [ 1 + V (1 + k2T^) ] (12) 
where K is defined as (2+A) / 2T2K2 and includes effects of both power 
saturation and triplet bottleneck hole burning. Here Kg is the fluorescence decay 
time (Kg = k]^ + ZXkg)^), Tg is the dephasing time and i labels the spin level of the 
triplet state. A is defined by A = Kkg/kg)^. Thus the power dependence of the 
width of a three-level bottleneck hole is much stronger than that of a two-level 
population hole by a factor of V((2+A)/2) when high intensity light is used. By 
extrapolating the hole width to zero power, the result that = 2/ jtTg = 2y is 
obtained. 
From Eq. (12), one can determine that for 0x720 in PVOH holes will be 
broadened by a factor of -10 when the bum power is larger than ~50 W/cm^ which 
corresponds to hole burning with amplified pulses (curve (c) in Fig. 6). The 
combined effects of this and thermal broadening predict that no narrow hole will be 
observed. However, narrow holes were observed (not shown) when 8400 and 840 
W/cm^ were used to burn holes. These narrow holes resulted from burning by the 
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300 nsec pulses on which the amplified pulses are built as shown in Fig. 3-(c). The 
intensity of these 300 nsec pulse is near by 5 orders of magnitude smaller than 
those of the amplified pulses, and the fluences are a factor of 5000 smaller. 
However, the fluences for burning with 300 nsec were also kept constant. With 
these bum intensities and bum fluences the model calculations using model 2 have 
been performed. The calculation shows hole depth trends very similar to those in 
Fig. 6-(c). 
To study the optical dephasing as a function of the observation time using 
persistent hole burning, experiments were performed by varying the bum 
intensities from the 10 mW/cm^ to 84000 W/cm^. Burn times of 15 nsec, 100 nsec, 
300 nsec were used. However none of the combinations used produced observable 
persistent holes. As mentioned before, when hole is burned with amplified pulses 
significant hole broadening occurs. Thus population bottleneck, thermal and power 
broadening prevented observing spectral diffusion when holes are bumed with the 
high bum intensities (^100 mW/cm^). For bum intensities smaller than 100 
mW/cm^, the longest bum time used was 300 nsec which is limited by the opening 
time of the EOMs. This gives the maximum fluences of 30 nJ/cm^ which is much 
smaller than the bum fluence (~170nJ/cm^) required to bum a ~5% persistent hole 
with ~40 nW/cm^ (48). This explains why spectral diffusion in the ~nsec range was 
not observed in this system using the persistent hole burning. However using the 
persistent hole burning technique,.spectral diffusion in the -msec range can be 
observable by burning a hole with -100 psec pulses. Burning a hole with 100 
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mW/cm^ for 100 usee gives a fluence of 10 pj/cm^ which would result in ~30% hole 
depth when hole is produced with same fluence but with 400 nW/cm^ (48). 
However, from Fig. 6 it is noted that the bum time 100 psec is located near the 
lower end of the slope. From the Figs. 5, 6 and 9-(c), it is easily seen that hole 
depth will not be very deep (^10%). 
Spectral diffusion in the -psec range can be observable using the transient 
hole burning. However in this case burn intensities low enough to avoid hole 
broadening should be used. Preliminary calculations using model 2 predict that 
the transient hole depth of0x720 in PVOH will be -10% when hole is burned with 
GOmW/cm^ for 300 nsec. 
Spectral diffusion experiment in a time range from 300 nsec to 10 usee wiU be 
continued by this group. 
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CONCLUSIONS 
The extent of hole burning of0x720 in FVOH has been studied as a function 
of bum intensity for fixed bum fiuences. It was shown that the hole depth 
increased logarithmically with bum time over several decades. Although the triple 
quantum yield of 0x720 is as low as 0.04, it is observed that the triplet bottleneck 
effect plays an important role in hole burning (both on hole broadening and hole 
growth) when bum intensity becomes large. By comparing the calculated and 
measured constant fiuence curves, the longest lifetime of the spin sublevel in the 
triplet state was obtained. 
The large differences in the magnitude of the slopes between the measured 
and calculated constant fiuence curves may be explained mostly by the effect of 
dispersive kinetics and partly by hole saturation broadening. 
The discontinuity of the constant fiuence curves between (b) and (c) in the 
Fig. 6 resulted from the hole burning by the 300 nsec pulses on which the amplified 
pulses build. The holes bumed with the amplified pulses were not observed 
because of the significant broadening by the local heating and power broadening. 
Spectral difussion in ~|asec range using the persistent hole burning was not 
observed in the 0x720 in PVOH. However it may be observed when the transient 
hole burning is used. 
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SECTION m. 
PHOTOCHEMICAL HOLE BURNING STUDY OF BACTERIORHODOPSIN 
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INTRODUCTION 
Bacteriorhodopsin (BR) is the only protein of the purple membrane of the 
bacterium Halobacterium Halobium that grows in the natural brines where NaCl 
concentration is near saturation. This bacterium uses oxygen to synthesize ATP 
under aerobic conditions. When grown under anaerobic conditions, it develops a 
BR containing purple membrane that converts light energy to chemical potential 
associated with a gradient of hydrogen ions across the membrane. This chemical 
potential is used to synthesize ATP (1). 
X-ray diffraction studies have shown that (2-4) BR in the membrane forms a 
rigid two-dimensional hexagonal lattice with a 63 A long unit cell. Electron 
diffraction studies have shown that (5,6) each protein molecule consists of seven a-
helical rods which are about 40 A long, 10 A apart with three of them 
perpendicular to and four of them slightly tilted with respect to the membrane 
plane. Bacteriorhodopsin exists as a trimer around one of the three fold axes 
(2,3,6). Thus there is a strong protein-protein interaction due to the large contact 
area (7). Linear dichroism measurements (8) have shown that there is no mobility 
of BR in the membrane on a time scale of -60 min while rhodopsin located in the 
viscous disk membrane has both rotational and translational mobility (9). The 
amino acid sequence of BR was determined by Khorana et al. (10) and established 
that BR consists of 248 amino acids with ~70% of the amino acid chain 
hydrophobic. Bacteriorhodopsin has molecular weight of 26,500 (10,11) and 
consists of a bacterioopsin (BO) and a retinal that is bound via a protonated Schiff 
base linkage to lysine-216 of BO (11,12). Retinal is tilted at an angle of about 20° 
to the plane of the membrane (13,14). Bacteriorhodopsin exists in two stable 
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forms, BRg<7Q which contains aH-trans retinal and BR® which contains 13-cis 
retinal. Both forms are present in almost equal amounts in the dark adapted form 
while only BRg^o ^ present in the light-adapted form (15,16). 
Figure 1 shows the all-^rans retinal chromophore in BR. Photoisomerization 
occurs about the bond. 
The most important features of the BR photocycle are summarized in Fig. 2. 
In Fig. 2, solid arrows indicate thermal reaction and dotted arrows photochemical 
reaction. The different states of the chromophore are represented by capital letters 
and by their absorption maxima in nm. A photocycle model of BR was originally 
proposed by Lozier et al. (17). In that model four observable ground states, Kg^g, 
LggQ, M422 and Oq4o> were used. The intermediates of the BR photocycle were 
studied by low temperature spectrophotometry (18-21). The sequence of 
intermediates in the BR photocycle is very similar to that of rhodopsin although 
BR photochemistry is cyclic and does not include the detachment of retinal from 
the BO (22) while the rhodopsin photocycle does (15). 
Â batho-trans-BR (Kg^g) is formed below -120° C and even at liquid helium 
temperatures by irradiation of BRq^q (18-21). Batho-frana-BR does not mean that 
it contains aU-^rans retinal but rather that it originates from all-fraas-BR. It has 
been shown by low temperature spectrophotometry (18-21) and by pulsed laser 
photolysis at room temperature (23,24) that KgjQ and BR57Q are interconvertible, 
depending on the wavelength of the irradiating light. Lumi-^rans-BR (Lggg) is 
produced by warming Kg jq above -120* C. Meta-#raras-BR (M422) can be observed 
by warming Lggg above -90* C. But depending on the temperature ,e.g., <-90* C all 
of Lggo can be directly converted to BRgyg. In addition to the above 
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CH CH, CH CH 
Figure 1. The all-^rans retinal chromophore in bacteriorhodopsia is linked to 
a lysine residue of the protein by a protonated Schi£f base linkage. 
Photoisomerization occurs about the bond 
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M usee 
>-90' 
'520 
30 msec 
4 msec, <-90* Cj 
BR 
•Spsec. 
8 msi 
'Q25 
Figure 2 Two photocycle of BR. Left: BRq^q (the light-adapted form), Right; 
BR® (50% of dark-adapted form). Photochemical reactions are 
presented by dotted arrows and thermal reactions by solid arrows 
with transition temperatures of the intermediates 
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intermediates, Ng20 were also observed in photolysis experiments 
(1,17,25). 
The photocycle of 13-cis BR of dark adapted BR is different from that of all-
trans BR. Tokunaga et al. (26), by studies of a photostationary mixture at 77 K, 
showed that BR^ has a different primary bathoproduct Kalisky et al. (27) and 
Sperling et al. (16) observed a long-lived intermediate of BR*^ (L*^) generated from 
K® by laser photolysis at higher temperature. 
Marcus et al. (28,29) and Campion et. al (30) observed that proton release 
from the shiff base linkage of retinal occurs during the transition between LggQ 
and M4by using the resonance Raman technique. 
Kaufman et al. (31) observed an absorption increase at 635 nm with 6 psec 
rise time (laser limited) at room temperature and noted that its absorption 
spectrum was nearly same as that of K on a psec time scale (17). In 1978, Ippen et 
al. (32) reported that a bathochromic intermediate occurs in l.OiO.5 psec. This 
means that batho intermediate of BR appears rapidly after the excitation, like that 
of rhodopsin. 
Later it was demonstrated that Jg25 (the precursor to Kg^g) forms in ~500 
fsec and relaxes to in 3~5 psec (33-36). Also Polland et al. (35) and Nuss et 
al. (33) observed that decays to Lggg in -usee time scale. 
The detachment of the proton of the Schiff base linkage is observed during 
the transition of Lggg to (3?) and causes a significant blue shift of the 
absorption spectrum of M4J2 (38,39). 
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Resonance Raman spectroscopy has played a very important role in 
identifying intermediates in the BR cycle. It is now believed that the primary 
photocycle event involves a trans to cis isomerization (1). It was Pettei et al. (40) 
who first postulated that the transient isomerization from all-trans to 13-cis retinal 
occurs during the BRgyg photocycle by extracting the chromophore ofM^^g. The 
13-cis retinal ofM^^g has been confirmed by resonance Raman spectroscopy (41). 
It was also observed that contains 13-cis retinal protonated Schiff base 
linkage at room temperature (42) and 77 K (43,44). In 1988 Mathies et al. (45,46) 
and Dobler et al. (47) used femtosecond spectroscopy to directly determine that the 
IQ-trans to 13-cis isomerization of retinal occurs in 100-200 fsec on the excited 
state potential surface. 
Thus lifetime broadening (~50 cm"^) cannot account for the large spectral 
width of BRgijTQ (FWHM~2600 cm"^ at 1.6 K). The large absorption width could be 
inhomogeneously broadened. One way to determine the homogeneous and 
inhomogeneous contribution to the absorption band width is through spectral the 
hole burning studies. There was one unsuccessful spectral hole burning attempt of 
BR (48) in water/glycerol glasses at 1K by Wolftxim and Haarer at IBM. The first 
report of low temperature optical hole burning of BR is presented in the paper I of 
this section of the dissertation. The results are discussed in terms of the degi ee of 
homogeneous broadening and broadening mechanisms. 
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EXPERIMENTAL APPARATUS 
Figure 3 shows the burning laser system and double-beam spectrometer 
which is used in part of this experiment. No sharp hole was observed in 
preliminary experiment. Therefore, it is necessary to take a wide range scanning 
(~ tens of nm) to observe whether broad hole is present. Because the ring dye laser 
is tunable up to only 30 GHz, another light source having better tunability is 
required for reading holes. If in Fig. 1 of Section II, the probe beam is replaced by 
a spectrometer and leg 2 is ignored, it is identical to Fig. 3 in this section. 
In order to provide a convenient and reproducible method of burning and 
probing holes in the exactly the same part of the sample by using two different 
beam paths, lens Lg was mounted on a translational stage together with a 90* 
prism situated so that the stage could be reproducibly positioned to allow the laser 
beam to be sent through the sample in precisely the opposite direction of the probe 
beam. The prism is situated in the beam path for hole burning while Lg was for 
hole reading. In this case, burn beam size was always maintained larger than 
probe beam size at the sample position because the burn beam is not focussed at 
the sample while probe beam was. 
The light source used for probing the hole was a high pressure short-arc 
Xenon lamp (Canrad-Hanovia model 959C1980). The light from the Xenon lamp 
was dispersed by a 1.5 m monochrometer (Jobin-Yvon HR-1500). The grating of 
the monochromator has a linear dispersion of 0.19 nm / mm (2400 groves / mm 
grating) and is equipped with a stepping motor and controller. Microcomputer 
drives the scanning of the monochromator. 
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BMS 
Ring Dye Laser 
SA 
I Mono. 
PD BMS4 
Ml BMS 
Monochromator 
PDF 11/23+ 
Integ. Prism 
PMT 
BMS L, I LIA Lg Sample Lg LIA 
Figure 3. Hole burning experimental apparatus with double beam 
spectrophotometer. A: attenuator, BMS: beam splitter, C: chopper, 
F: optical filter, Integ.: integrator, L: lens, LIA: lock-in-ampliiler, 
M: mirror. Mono: monochromator, S: shutter, PMT: photomultiplier 
tube 
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Details of the bum laser, the double beam absorption configuration and 
signal processing are described in experimental method of Section II of this 
dissertation. 
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PAPER 1. PHOTOCHEMICAL HOLE BURNING IN BACTERIORHODOPSIN 
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Photochemical Hole Burning in Bacteriorhodopsin 
In-Ja Lee, J.K. Gillie and Carey J. Johnson 
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ABSTRACT 
Photochemical hole burning has been observed in the absorption spectrum of 
light-adapted bacteriorhodopsin and in its bathochromic intermediate K at 1.6 to 
90 K. Hole widths ( ~800 cm'^, hwhm ) show evidence of large homogeneous 
linewidths, which are attributed to vibronic broadening. Holes were burned into 
the absorption spectrum of K with bum wavelengths from 514 to 650 nm. These 
results are discussed, and related to recent models of the excited-state dynamics in 
bacteriorhodopsin. 
155 
INTRODUCTION 
Bacteriorhodopsin (BR) functions as a light-driven proton pump in which the 
primary photochemical event is isomerization of a retinal Schiff base from the all-
trans to the 13-cis configuration (1-3). The photochemistry of BR has been the 
subject of extensive study, both at room temperature and at cryogenic 
temperatures (4,5). At room temperature the intermediate J is formed in 400-500 
fsec (6,7) and decays in 2-3 psec (7-9) to the intermediate IC, which has a lifetime of 
~1 psec (4,10). Several intermediates in the photocycle have been trapped at 
cryogenic temperatures and studied by low-temperature spectrophotometry. The 
intermediate K, for example, can be trapped at temperatures as high as 150 K (11). 
This intermediate is known to contain the protonated retinal Schiff base in a 
strained 13-cis conformation (12). In a low-temperature study, Iwasa et al. (13) 
found that irradiation ofBRgyg at 9 K with green light generates the red-shifted 
species identified as K. It was possible to reconvert K to BRq^q by irradiation with 
deep red light ( >660nm ). A stable precursor to K has not beeen observed, even at 
temperatures of 6-9 K (11,13). 
The absorption spectrum of bacteriorhodopsin is broad and unresolved at low 
temperature. Recent measurements of the excited-state dynamics in 
bacteriorhodopsin detected excited-state relaxation in 100-200 fs (14,15). Thus 
lifetime broadening can not account for the large spectral width ofBRg^g (FWHM 
~ 2600 cm*^ at 1.6 K). The spectral profile of BRgyg could be inhomogeneously 
broadened, for example by a shallow ground-state potential well susceptible to 
variations in the protein environment, and it could also be broadened by strong 
phonon or Franck-Condon coupling. To determine the homogeneous contribution 
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to the spectral width, we present in this letter the first low-temperature optical 
hole-burning study of BRg^o and K The results are discussed in terms of 
mechanism and degree of homogeneous broadening, and are related to the excited-
state photochemistry of BR. 
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EXPERIMENTAL METHOD 
Halobacterium halohium 89 (a gift from Professor W. Stoeckenius) was grown 
and its purple membrane isolated according to standard procedures (16). Samples 
were prepared in two forms: [1] purple membrane was suspended in 75% glycerol, 
25% water, or [2] bacteriorhodopsin samples were solubilized with triton X. 
Samples were li^t adapted at 0° C by exposure for 10-20 min to white light from a 
tungsten lamp passed through and H2O heat filter. Light adaptation was verified 
by a red shift in the spectrum. Optical densities were 0.7 in a 1 cm cell. 
The samples were quickly cooled (<10 min) to 4.2 K in a Janis model 8-DT 
Super Vari-Temp liquid helium cryostat. Holes were burned with a Coherent 699-
21 ring dye laser (linewidth ~ 0.07 cm"^) operated with rhodamine 6G or DCM dye. 
Alternatively, a Coherent Innova 90-5 Ar ion laser was used for a 514 nm bum 
wavelength (resolution 0.2 cm'^). The absorption and hole spectra were obtained 
either with a computer-controlled double-beam spectrometer, described elsewhere 
(resolution 0.2 cm"^) (17), or with a Bruker model IFS-120 Fourier-transform 
spectrometer operating at a resolution of 4 cm'^. 
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RESULTS 
Figure la shows the absorption spectrum of solubilized light-adapted BR at 
1.6 K recorded on the scanning double-beam spectrometer before and after 
irradiation at Xg=566.1 nm with a bum intensity of 110 mW cm'^ for 5 min. The 
band width (FWHM, low energy side) is 940 cm"^. The difference spectrum in 
fig.lb shows two broad holes, one at 550 nm (HWHM 800 cm"^ and other at 620 
nm. No narrow hooes were found. 
The absorption spectrum for BR in the form of membrane suspensions, taken 
with FT spectrophotometer, is shown in Fig. 2. To record these spectra, the sample 
was exposed to white light with a power density of ~ 1 mW cm"^ for 20 sec, 
sufficient to convert on the order of 10% of the sample to K. The spectrum in Fig. 2 
shows increased tailing of the absorption band to the red compared to spectra 
recorded with a scanning monochromator (13) (dashed line in Fig. 2). Similar 
increased absorption in the red tail after exposure in the FT spectrophotometer 
(compared to Fig. la) was observed in solubilized BR. Repeated scanning of the FT 
spectrophotometer resulted in no further change in the spectral line shape. We 
interpret this result as the establishment of a photostationary distribution of BR 
and K. Since the spectral profile of the light source peaks in the red (>700 nm), the 
photostationary distribution is wei^ted in favor of BR and contains a relatively 
small amount of K 
Hole-burning studies were carried out on this photostationary distribution. 
Figure 3 shows the difference spectrum after laser excitation at Xg = 577 nm (8 
mW/cm^, 10 min). A broad hole is centered at 630 nm and an antihole at 600 nm. 
The crosses show a Lorentzian fit to the low energy side of the hole with hwhm of 
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Figure 1. Absorption spectrum and difference spectrum of light-adapted 
solubilized bacteriorhodopsin. (a) Absorption spectrum before (top) 
and after (bottom) irradiation at 566.Inm for 5 min with 110 
mW/cm^ at 1.6 K. (b) Difference spectrum 
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Figure 2. Absorption spectrum of light-adapted purple membrane suspension 
taken with FT spectrometer at 1.6 K. The dashed line shows the 
absorption profile expected for low exposure intensity (from ref. 14) 
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800 cm'^. Similar holes were burned with irradiation wavelengths ranging from 
514 to 650 nm at temperatures up to 90 K. A weaker antihole was observed in 
several difference spectra at 537 mn. No holes were observed near the BR peak 
absorption (575nm) when pre-burn and post-bum spectra were recorded on the FT 
spectrophotometer. Similar results were obtained with solubilized BR (absorption 
peak a 565 nm), where a broad hole was centered at 620 run, but no hole was found 
near 565 nm. By comparison with Fig. 1, we conclude that the holes burned into 
the BRgYO absorption band were subsequently erased by re-establishment of a 
photostationary distribution in recording the post-bum spectra. We caimot exclude 
the possibility that a sharp hole at the burn wavelength was not observed due to 
the 4 cm"^ resolution of the FT spectrometer. 
Figure 4 shows the bum-wavelength dependence of the hole spectrum. The 
hole shifts by about 6 nm from blue to red as the bum wavelength Xg is tuned from 
514 nm to 650 nm (Table I.). Hole burning in K was also studied as a function of 
bum intensity and bum time. The hole width was independent of bum intensity 
and burn time over range from 10 to 250 mW cm'^. 
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Figure 3. Difference absorption spectrum of purple membrane suspension at 
1.6 K for laser excitation at 577.4 nm for 10 min at 8 mW/cm^. The 
crosses show a Lorentzian fit to low energy side with hwhm 800 
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Figure 4. Excitation-wavelength dependence of difference spectrum (1.6 K). 
Bum wavelength were 514, 577, 587, 630 and 650 nm 
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DISCUSSION 
Hole burning into the absorption band of BRg^o is shown in Fig. 1 to result 
in a remarkably broad hole with hole maximum near the absorption maximum. 
The hole width (-800 cm HWHM) is nearly as large as the BRq^q absorption 
band width (~940 cm"^ HWHM). A rough estimate of the inhomogeneous 
contribution can be obtained as follows. If we take the hole width to be twice the 
homogeneous width, we have rjj~400 cm"^ (HWHM). (By homogeneous we mean 
mechanisms broadening the absorption width of single molecules.) The 
inhomogeneous contribution can be estimated by (18) r^„v,=r -r^=540 cm"^, 
consistent with an inhomogeneous width of ~500 cm'^ (HWHM) deduced by Myers 
et al. (19,20) from fits to resonance Raman cross sections and excitation profiles. 
We consider here coupling of the elctronic transition to low-firequency 
torsional modes of the retinal Schiffbase as a mechanism for the broad 
homogeneous width in BRgyg. This mechanism has been suggested by a number 
of workers (14,15,19-22) as a model to explain spectroscopic properties of 
bacteriorhodopsin and rhodopsin. The torsional model is thus already based on a 
vast array of studies of these systems. Since torsional motion about the 
double bond double bond leading to its isomerization occurs in 100-200 fsec (14,16), 
strong Franck-Condon activity is likely in this mode. For the visual chromophore 
rhodopsin, Birge and co-workers have carried out semi-empirical calculations of the 
vibrational overlap integrals and have shown that the broad absorption band 
width can be explained by strong Franck-Condon activity associated with the 
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Cii=Ci2 torsional mode (21). In their simulation, an inhomogeneous contribution 
of 250 cm"^ (HWHM) combined with the calculated torsional vibronic activity is 
sufficient to generate a difiiise spectral contour at low temperatures. Similar 
arguments are expected to apply to the 0^3=024 torsional mode (isomerization 
coordinate) in bacteriorhodopsin. Myers et al. have also suggested that a torsional 
mode, modeled by a linear dissociative excited-state potential, could contribute 
significant width (500-600 cm"^ HWHM) to the absorption band (19,20). Vibronic 
activity associated with torsion about single bonds may also contribute to the 
observed line width, although the contribution from the Cg-Cy single bond, which 
appears to broaden the spectral profile of all-trans retinal (22), seems not to play a 
major role in bacteriorhodopsin (19-21). 
The vibronic mechanism of spectral broadening associated with torsional 
modes bears a strong resemblance to the theory of hole burning in systems 
characterized by strong electron-phonon coupling that has recently been developed 
by Small and co-workers and applied to primary donor state of photosynthetic 
reaction centers in Refs. 18, 23 and 24. In their theory, the strength of electron-
phonon coupling is parametrised by the Huang-Rhys factor S. A rough estimate of 
8(0=2000 cm'^ (where co is the tortional frequency) for BR can be made from the 
Stokes shift (~4000 cm"^ (14)), given approximately by 2Sc*) (18). As a check, the 
approximate formula + S(0 (18) gives S(û~1500 cm'^. Assuming co=50 cm"^, 
we find 8-40. (Since no strong low-frequency modes have been observed in the 
resonance Raman spectrum of bacteriorhodopsin, a frequency of 50 cm'^ is chosen 
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as an upper limit above which the torsional mode should have been observed 
directly or as a combination band (19).) Since the torsional frequency is not 
known, and the assumption of displaced harmonic potentials with no frequency 
change used to derive these formulas does not apply to the torsional mode, these 
numbers are merely intended to show that S is extremely large. We note that the 
excited-state displacement parameters determined from the Raman cross sections 
of observed Raman bands are all small (A^<1) (19). Thus the observed Raman 
bands cannot account for the large Huang-Rhys factor (S=rAf/2). Strong electron-
phonon coupling characterized by S^4 in photosynthetic reaction centers finds 
precedent in charge-transfer states associated with aromatic donor aceptor 
complexes (25). There is no evidence for charge transfer of thia degree upon 
excitation of the protonated retinal Schiff base, and a candidate for such a charge-
transfer state has not been identified (26). Strong linear electron-phonon coupling 
has been observed in some systems without charge-transfer states (27). However, 
such cases appear to be the exception rather than the rule (28). We conclude that 
our observations are consistent with the torsional model. However, other 
possibilities, such as electron-phonon coupling, cannot be strictly ruled out. 
The broad holes centered at 626-634 nm in Figs. 3 and 4 are burned into the 
absorption band of the intermediate K. Since no corresponding increase in optical 
density is observed at 575 nm, hole formation involves photochemical generation of 
a species distinct from BRgyg. For example, a possible mechanism for hole 
burning in the K state is photochemical deprotonation of the retinal Schiff base 
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and, in fact, the blue-absorbing deprotonated intermediate M has been observed to 
form from a photostationary distribution of BR and K at room temperature upon 
radiation with intense laser pulses (29). The hole width (800 cm"^ HWHM) is 
evidence for strong Franck-Condon activity in the K absorption band as well. The 
excited-state potential surface for K, like BR, is known to lead readily to 
isomerization about the double bond. Thus the hole width in K is also 
very likely associated with vibronic activity. The hole width observed in 
BR and K are the same within the accuracy of the measurement (±50 cm"^). We 
attribute this to the similarity in the protein environment and the torsional 
mechanism of homogeneous broadening in the two species. 
The bum-wavelength dependence of the hole maximum (Table I) represents 
evidence of site inhomogeneous broadening of the K intermediate. Only when the 
bum wavelength is far removed from the hole center are shifts of more than 1 nm 
observed. Small shifts of the hole center from the absorption maximum toward the 
bum wavelength were also observed in photosynthetic reaction centers (30), and 
are consistent with a large homogeneous absorption width on the order of the site 
inhomogeneous broadening (23). Experiments are planned to study the bum-
wavelength dependence of hole burning in the BRgyg absorption band. 
We turn finally to a brief discussion of the 600 nm antihole. The increased 
optical density at 600 nm is 1/2 to 1/3 as large as the decrease at 630 nm in all 
difference spectra with burn wavelengths 514 to 630 nm. At this point we can only 
speculate about the origin of the antohole. Possible explanations are: [1] an 
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intermediate formed by photo-excitation of K and trapped at temperatures up to 
~60 K; [2] a species formed thermally from K, such as the intermediate KL 
absorbing at 600 mn (31), due to local heating in the sample. Further experiments 
are planned regarding the 600 nm feature. 
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Table I. Bum wavelength dependence of hole and antihole maximum at 
1.6 K 
Bum wavelength Hole maximum Antihole maximum 
(nm) (nm) (nm) 
514 627.2 598.0 
567 628.6 600.3 
577 629.2 600.3 
587 629.7 600.1 
597 629.8 601.0 
622 630.5 600.9 
630 629.8 603.5 
650 633.5 600.3 
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CONCLUSIONS 
Photochemical hole burning has been observed in the absorption spectrum of 
light-adapted BR (BRgyg) and its bathochromic intermediate at the 
temperatures ranging from 1.6 K to 90 K Both BRgyg and show same hole 
width of ~800 cm'^ (hwhm) which is evidence for large homogeneous broadening. 
Strong electron-phonon coupling and coupling to a torsional mode mechanism were 
considered as mechanisms for the large homogeneous broadening of BRgyg. The 
first mechanism, which requires a large S value (-40), inconsistent with the S 
value obtained from resonance Raman data. Since the torsional motion about the 
Ci3=Ci4 double bond occurs in 100-200 fsec, strong Franck-Condon activity seems 
likely for in this mode. It is concluded that the large homogeneous broadening 
comes from the coupling of electronic transition to the torsional mode about the 
Ci3=Ci4 double bond of retinal although there is also probably a small 
contribution by the torsional mode about Cg-Cy single bond. 
The hole width of ~800 cm"^ burned in is also likely related to the 
torsional mode of C^gsC^^ double bond. The bum wavelength dependent hole 
spectra of Kg^g show a small shift of hole position which indicates a large 
homogeneous width on the order of site inhomogeneous broadening. 
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GENERAL CONCLUSIONS 
The theory proposed to simulate hole profiles for arbitrarily strong electron-
phonon coupling in short bum time limit was extended to examine the hole profiles 
at arbitrary bum time. The shapes of real- and pseudo-PSBH in the hole bumed 
spectra in amorphous solids strongly depend on burn time and bum wavelength. 
As bum time increase, hole burning through PSB becomes more important. At 
shorter wavelengths, the pseudo-PSBH is getting larger compared to the real-
PSBH. 
The antihole spectrum was deconvolved from the hole spectrum using the 
simulated hole spectmm. From the deconvolved antihole profile, it is concluded 
that NPHB of antenna complex of PSI-200 predominantly creates sites whose zero-
phonon transitions are shifted to higher energy relative to prebum sites. 
The first observation of the antihole of a porphyrin in an amorphous solid is 
presented. The antihole was polarized oppositely to the hole and distributed 
throughout the inhomogeneous absorption band. Vibronic frequencies and Franck-
Condon factors of some vivrations were measured. A positive correlation between 
the site distributions for and Qy is observed. 
The extent of hole burning of0x720 in FVOH has been studied as a function 
of bum intensity for fixed bum fluences. It was shown that the hole depth 
increased logarithmically with bum time over several decades. Althou^ the 
triplet quantum yield of 0x720 is as low as 0.04, it is observed that the triplet 
bottleneck effect plays an important role on hole burning (both on hole broadening 
and hole growth) when burn intensities become large. By comparing calculated 
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and measured constant fluence curves, the longest lifetime of the spin sublevels in 
the triplet state was obtained. 
The large differences in the magnitude of the slopes between the measured 
and calculated curves may be explained mostly by the effect of dispersive kinetics 
and partly by hole saturation broadening. 
Spectral difussion in ~^sec range using the persistent hole burning was not 
observed in the 0x720 in PVOH. However, it might be possible to be observed 
when transient hole burning is used. 
Photochemical hole burning has been observed in the absorption spectrum of 
light-adapted BR (BRgyg) and its bathochromic intermediate at 1.6 K to 90 
K. Both of BRgyg and Kgig show a hole width of ~800 cm"^ (hwhm) which is 
evidence for large homogeneous broadening. Since torsional motion about 
Ci3=Ci^ double bond occurs in 100-200 fsec, strong Franck-Condon activity seems 
be in this mode. It is concluded that large homogeneous broadening comes from 
the coupling of the electronic transition to the torsional mode about the 
double bond of retinal although there is also a small contribution by the torsional 
mode about the Cg-Cy single bond. 
The hole width of -800 cm * burned in Kg^g is also likely related to the 
torsional mode of the double bond. The burn wavelength dependent hole 
burning ofKg^g shows a small shift of hole position which indicates a large 
homogeneous width on the order of site inhomogeneous broadening. 
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